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(57) ABSTRACT

An apparatus and method are disclosed for characterizing
motion of a platform. Motion sensor data from a portable
device having a sensor assembly may be obtained. The
portable device may be within the platform and tethered or
untethered, and the mobility of the portable device may be
constrained or unconstrained within the platform. Following
a determination the platform is moving, motion dynamics of
the portable device that are independent from motion
dynamics of the platform may be identified and motion
sensor data corresponding to motion of the platform and
motion sensor data corresponding to the identified indepen-
dent motion of the portable device may be separated from
the obtained motion sensor data. Accordingly, motion sensor
data corresponding to motion of the platform that is inde-
pendent of motion of the portable device may be output. This
may be used to derive operator analytics for assessing
performance.
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1
METHOD AND APPARATUS FOR
CHARACTERIZING PLATFORM MOTION

FIELD OF THE PRESENT DISCLOSURE

This disclosure generally relates to detecting whether a
portable device is in a moving vehicle and characterizing an
association between the portable device and a user. The
disclosure further relates to determining whether the user is
operating the moving vehicle.

BACKGROUND

Portable electronic devices, such as those configured to be
handheld or otherwise associated with a user, are employed
in a wide variety of applications and environments. The
ubiquity of such devices as mobile phones, wearables,
including smart watches and glasses, digital still cameras
and video cameras, handheld music and media players,
portable video game devices and controllers, tablets, mobile
internet devices (MIDs), personal navigation devices
(PNDs), other APPlication acCESSORIES (or Appcessories
for short) and other similar devices speaks the popularity
and desire for these types of devices. Increasingly, such
devices are equipped with one or more sensors or other
systems for determining the position or motion of the
portable device with increasing sophistication and accuracy.
Likewise, additional sensing capabilities are commonly
available in the form of proximity and ambient light sensors,
image sensors, barometers, magnetometers and the like. Still
further, such portable devices often feature navigation sys-
tems, such as a Global Navigation Satellite Systems
(GNSS), that enable precise determinations regarding geo-
physical position and movement. Corresponding advances
in computation power, size, power consumption and prices
make such portable devices powerful computing tools with
extensive capabilities to detect their environment.

Given the noted popularity in portable devices having
some or all of these capabilities, a wide variety of sensor
data may be available and therefore leveraged to character-
ize activities the user in which the user may be engaged. One
significant application relates to the operation of moving
vehicles, such as for example automobiles. Notably, it may
be desirable to assess aspects of how the vehicle is operated,
including whether the operation is in a safe and legal
manner. In addition, it may be important to determine
whether the operator is using the portable device in a manner
that distracts from proper operation of the vehicle. Corre-
spondingly, there is a need for techniques to utilize sensor
data from a portable device to analyze the performance of
vehicle operator. As will be described in the following
materials, this disclosure satisfies these and other needs.

SUMMARY

As will be described in detail below, this disclosure
includes a method for characterizing motion of a platform.
The method may include obtaining motion sensor data from
a portable device having a sensor assembly, wherein the
portable device is within the platform and may be tethered
or untethered, and wherein mobility of the portable device
may be constrained or unconstrained within the platform,
determining the platform is moving, identifying motion
dynamics of the portable device that are independent from
motion dynamics of the platform and the lack thereof,
separating motion sensor data corresponding to motion of
the platform and motion sensor data corresponding to the
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2

identified independent motion of the portable device from
the obtained motion sensor data when independent motion
dynamics of the portable device are identified and outputting
motion sensor data corresponding to motion of the platform
that is independent of motion of the portable device.

This disclosure also include a portable device for char-
acterizing motion of a platform. The portable device is
within the platform and may be tethered or untethered and
mobility of the portable device may be constrained or
unconstrained within the platform. The portable device may
include a sensor assembly integrated with the portable
device, including at least one sensor configured to output
data representing motion of the portable device, a processor
configured to obtain the motion sensor data and a motion
characterization module implemented with the processor.
The motion characterization module may be configured to
determine whether the platform is moving, identify motion
dynamics of the portable device that are independent from
motion dynamics of the platform and the lack thereof,
separate motion sensor data corresponding to motion of the
platform and motion sensor data corresponding to the iden-
tified independent motion of the portable device from the
obtained motion sensor data when independent motion
dynamics of the portable device are identified and output
motion sensor data corresponding to motion of the platform
that is independent of motion of the portable device

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram for characterizing platform
motion according to an embodiment.

FIG. 2 is schematic diagram of a portable device for
characterizing platform motion according to an embodi-
ment.

FIG. 3 is a flowchart showing a routine for characterizing
platform motion according to an embodiment.

FIG. 4 is a schematic representation of training and
identification phases to be used for characterizing platform
motion according to an embodiment.

FIG. 5 is a flowchart showing a routine for determining
whether a portable device is in a moving vehicle according
to an embodiment.

FIG. 6 is a graphical representation of motion sensor data
including motion sensor data corresponding to motion of the
platform and motion sensor data corresponding to identified
independent motion of the portable device according to an
embodiment.

FIG. 7 is detail view of a region of the motion sensor data
shown in FIG. 6 indicating vehicle motion according to an
embodiment.

FIG. 8 is detail view of a region of the motion sensor data
shown in FIG. 6 indicating device motion due to user
interaction according to an embodiment.

FIG. 9 is a graphical representation of motion sensor data
characteristic of a portable device retained in a cradle
according to an embodiment.

FIG. 10 is a graphical representation of motion sensor
data characteristic of a portable device resting on a seat of
the platform according to an embodiment.

FIG. 11 is a graphical representation of motion sensor data
correlated with a source of absolute navigational informa-
tion according to an embodiment.

FIG. 12 is a schematic depiction of multiple portable
devices for characterizing platform motion according to an
embodiment.
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FIG. 13 is a graphical representation of motion sensor
data from multiple portable devices when neither device
experiences user interaction according to an embodiment.

FIG. 14 is a graphical representation of motion sensor
data from multiple portable devices when one device is
experiencing user interaction according to an embodiment.

FIG. 15 is a flowchart showing a routine for using image
sensor data for characterizing platform motion according to
an embodiment.

FIG. 16 is a graphical representation of the normalized
sum of absolute differences for a sequence of image sensor
samples according to an embodiment.

FIG. 17 depicts frames of the sequence of image sensor
samples of FIG. 16 corresponding to a relatively high sum
of absolute differences.

FIGS. 18 and 19 show representative images and their
corresponding histograms when the platform is stationary
and the user is not interacting with the portable device
according to an embodiment.

FIGS. 20-22 show representative images and their corre-
sponding histograms when the platform is moving and the
user is not interacting with the portable device according to
an embodiment.

FIGS. 23 and 24 show representative images and their
corresponding histograms when the user is interacting with
the portable device according to an embodiment.

FIG. 25 is a graphical representation of frame entropy and
frame entropy difference for a sequence of image sensor
samples according to an embodiment.

FIG. 26 depicts frames of the sequence of image sensor
samples of FIG. 25 corresponding to a relatively high frame
entropy difference.

FIG. 27 is a flowchart showing a routine for using image
sensor data in an optical flow analysis for characterizing
platform motion according to an embodiment.

FIG. 28 is a graphical representation of motion sensor
data including periods when the vehicle and portable device
were not moving, when the portable device was not expe-
riencing independent motion, and when the user was inter-
acting with the device and causing movement independent
of the vehicle according to an embodiment.

FIG. 29 is a schematic representation of an architecture
for performing wavelet packet transform according to an
embodiment.

DETAILED DESCRIPTION

At the outset, it is to be understood that this disclosure is
not limited to particularly exemplified materials, architec-
tures, routines, methods or structures as such may vary.
Thus, although a number of such options, similar or equiva-
lent to those described herein, can be used in the practice or
embodiments of this disclosure, the preferred materials and
methods are described herein.

It is also to be understood that the terminology used herein
is for the purpose of describing particular embodiments of
this disclosure only and is not intended to be limiting.

The detailed description set forth below in connection
with the appended drawings is intended as a description of
exemplary embodiments of the present disclosure and is not
intended to represent the only exemplary embodiments in
which the present disclosure can be practiced. The term
“exemplary” used throughout this description means “serv-
ing as an example, instance, or illustration,” and should not
necessarily be construed as preferred or advantageous over
other exemplary embodiments. The detailed description
includes specific details for the purpose of providing a
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thorough understanding of the exemplary embodiments of
the specification. It will be apparent to those skilled in the art
that the exemplary embodiments of the specification may be
practiced without these specific details. In some instances,
well known structures and devices are shown in block
diagram form in order to avoid obscuring the novelty of the
exemplary embodiments presented herein.

For purposes of convenience and clarity only, directional
terms, such as top, bottom, left, right, up, down, over, above,
below, beneath, rear, back, and front, may be used with
respect to the accompanying drawings or chip embodiments.
These and similar directional terms should not be construed
to limit the scope of the disclosure in any manner.

In this specification and in the claims, it will be under-
stood that when an element is referred to as being “con-
nected to” or “coupled to” another element, it can be directly
connected or coupled to the other element or intervening
elements may be present. In contrast, when an element is
referred to as being “directly connected to” or “directly
coupled to” another element, there are no intervening ele-
ments present.

Some portions of the detailed descriptions which follow
are presented in terms of procedures, logic blocks, process-
ing and other symbolic representations of operations on data
bits within a computer memory. These descriptions and
representations are the means used by those skilled in the
data processing arts to most effectively convey the substance
of their work to others skilled in the art. In the present
application, a procedure, logic block, process, or the like, is
conceived to be a self-consistent sequence of steps or
instructions leading to a desired result. The steps are those
requiring physical manipulations of physical quantities.
Usually, although not necessarily, these quantities take the
form of electrical or magnetic signals capable of being
stored, transferred, combined, compared, and otherwise
manipulated in a computer system.

It should be borne in mind, however, that all of these and
similar terms are to be associated with the appropriate
physical quantities and are merely convenient labels applied
to these quantities. Unless specifically stated otherwise as
apparent from the following discussions, it is appreciated
that throughout the present application, discussions utilizing

the terms such as “accessing,” “receiving,” “sending,”
“using,” “selecting,” “determining,” “normalizing,” “multi-
plying,” “averaging,” “monitoring,” “comparing,” “apply-
ing,” “updating,” “measuring,” “deriving” or the like, refer

to the actions and processes of a computer system, or similar
electronic computing device, that manipulates and trans-
forms data represented as physical (electronic) quantities
within the computer system’s registers and memories into
other data similarly represented as physical quantities within
the computer system memories or registers or other such
information storage, transmission or display devices.

Embodiments described herein may be discussed in the
general context of processor-executable instructions resid-
ing on some form of non-transitory processor-readable
medium, such as program modules, executed by one or more
computers or other devices. Generally, program modules
include routines, programs, objects, components, data struc-
tures, etc., that perform particular tasks or implement par-
ticular abstract data types. The functionality of the program
modules may be combined or distributed as desired in
various embodiments.

In the figures, a single block may be described as per-
forming a function or functions; however, in actual practice,
the function or functions performed by that block may be
performed in a single component or across multiple com-



US 10,663,298 B2

5

ponents, and/or may be performed using hardware, using
software, or using a combination of hardware and software.
To clearly illustrate this interchangeability of hardware and
software, various illustrative components, blocks, modules,
circuits, and steps have been described above generally in
terms of their functionality. Whether such functionality is
implemented as hardware or software depends upon the
particular application and design constraints imposed on the
overall system. Skilled artisans may implement the
described functionality in varying ways for each particular
application, but such implementation decisions should not
be interpreted as causing a departure from the scope of the
present disclosure. Also, the exemplary portable devices
may include components other than those shown, including
well-known components such as a processor, memory and
the like.

The techniques described herein may be implemented in
hardware, software, firmware, or any combination thereof,
unless specifically described as being implemented in a
specific manner. Any features described as modules or
components may also be implemented together in an inte-
grated logic device or separately as discrete but interoper-
able logic devices. If implemented in software, the tech-
niques may be realized at least in part by a non-transitory
processor-readable storage medium comprising instructions
that, when executed, performs one or more of the methods
described above. The non-transitory processor-readable data
storage medium may form part of a computer program
product, which may include packaging materials.

The non-transitory processor-readable storage medium
may comprise random access memory (RAM) such as
synchronous dynamic random access memory (SDRAM),
read only memory (ROM), non-volatile random access
memory (NVRAM), electrically erasable programmable
read-only memory (EEPROM), FLASH memory, other
known storage media, and the like. The techniques addi-
tionally, or alternatively, may be realized at least in part by
a processor-readable communication medium that carries or
communicates code in the form of instructions or data
structures and that can be accessed, read, and/or executed by
a computer or other processor. For example, a carrier wave
may be employed to carry computer-readable electronic data
such as those used in transmitting and receiving electronic
mail or in accessing a network such as the Internet or a local
area network (LAN). Of course, many modifications may be
made to this configuration without departing from the scope
or spirit of the claimed subject matter.

The various illustrative logical blocks, modules, circuits
and instructions described in connection with the embodi-
ments disclosed herein may be executed by one or more
processors, such as one or more sensor processing units
(SPUs), motion processing units (MPUs), digital signal
processors (DSPs), general purpose microprocessors, appli-
cation specific integrated circuits (ASICs), application spe-
cific instruction set processors (ASIPs), field programmable
gate arrays (FPGAs), or other equivalent integrated or
discrete logic circuitry. The term “processor,” as used herein
may refer to any of the foregoing structure or any other
structure suitable for implementation of the techniques
described herein. In addition, in some aspects, the function-
ality described herein may be provided within dedicated
software modules or hardware modules configured as
described herein. Also, the techniques could be fully imple-
mented in one or more circuits or logic elements. A general
purpose processor may be a microprocessor, but in the
alternative, the processor may be any conventional proces-
sor, controller, microcontroller, or state machine. A proces-
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sor may also be implemented as a combination of computing
devices, e.g., a combination of an SPU and a microproces-
sor, a plurality of microprocessors, one or more micropro-
cessors in conjunction with an SPU core, or any other such
configuration.

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one having ordinary skill in the art to which
the disclosure pertains.

Finally, as used in this specification and the appended
claims, the singular forms “a, “an” and “the” include plural
referents unless the content clearly dictates otherwise.

As noted above, public policy and safety concerns may
make it desirable to determine information that relates to
operation of a moving vehicle. Due to the increasing popu-
larity of portable devices, it is typical for a user to have a
portable device associated with them when in a moving
vehicle. Portable devices, such as smartphones or wearables,
have embedded technology for sensing the motion dynamics
of the device, and may have other sensors that provide
related information. For example, inertial sensors such as
accelerometers and gyroscopes having multiple sensitive
axes may be used to measure specific forces and angular
rates, and consequently obtain changes in position and
orientation. In some embodiments, inertial sensor data may
be fused with data from other supplemental sensors such as
magnetometers or barometers to improve position or orien-
tation determinations. As used herein, the term “motion
sensor data” refers to information from such inertial and
non-inertial sensors that can be used to obtain changes in
position, orientation or movement of the portable device,
and by extension, any platform carrying the portable device
by determining the relative orientation of the sensors in the
device with respect to the platform. Such motion sensors
give self-contained information, i.e. they do not depend on
external source of information such as satellites or any other
wireless transmission. Further, one or more image sensors
may be used to obtain information to help characterize
motion of the portable device, and by extension, any plat-
form carrying the portable device. As such, the term “image
sensor data” refers to information from optical sensors, such
as cameras or the like. Correspondingly, “supplemental
sensor data” refers to any other source of information that
may be obtained by the portable device, including depth
with respect to a reference object from a depth or ranging
sensor, presence of nearby objects from a proximity sensor,
environmental conditions of the portable device, such as
from an ambient light sensor, and others.

Thus, the sensor data of a portable device associated with
a user reflects movement of the platform as well as move-
ment of the portable device that is independent of the
platform. When the user is the platform, such as in the case
of a pedestrian, the portable device measures the movement
aspects of the person who carries the device. Similarly, if the
platform is a vehicle, the measured data includes the vehicle
motion data. In either case, the portable device may be
tethered or untethered and mobility of the portable device
may be constrained or unconstrained. Tethering typically
indicates that the portable device is maintained in a fixed
relationship to the platform. For example, the portable
device may be placed in a cradle fixed to the vehicle or may
be carried in a holster of the pedestrian. However, the
techniques of this disclosure also apply when the portable
device is not in a fixed relationship with the platform, such
as when it is loose within a vehicle or being carried and
operated in different manners by the pedestrian, i.e., unteth-
ered. Thus, the mobility of the portable device may be
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constrained or unconstrained depending on the circum-
stances. Further, even when tethered or otherwise con-
strained, the relative orientation of the portable device may
not be known. For a portable device held in a vehicle cradle,
it may be placed in a portrait, landscape or other orientation.
Likewise, a portable device placed in a user’s pocket may be
up or down as well as facing inwards or outwards. As will
be described in the following materials, the techniques of
this disclosure apply in all of these situations. Thus, the wide
variety of sensor data collected by a portable device, includ-
ing measurements such as acceleration, angular velocity, the
surrounding local Earth’s magnetic field, location, height,
surrounding light, sounds, and many others. Another impor-
tant source of information includes any optical or image
sensors, such as front or rear cameras, of the portable device
may also be used. As desired, all available sensor informa-
tion may be employed or a specific group of sensors may be
polled depending on the application.

Accordingly, assessing the performance of a vehicle
operator may involve any aspect. For example, operating
knowledge may include acquiring telematics information,
operator consciousness information, surrounding circum-
stances inside the vehicle, information about road conditions
and traffic and it will be appreciated that the sensors and
other resources of a portable device associated with the
operator may provide some or all relevant information.
Generally, any information regarding operation of the plat-
form derived using sensor data according to the techniques
of this disclosure may be termed operator analytics. To
illustrate one representative approach, location of the
vehicle, optionally in conjunction with any local or regional
map information from any provider, may help monitor traffic
conditions. Characteristics including acceleration, decelera-
tion, and speed are major components in the assessment of
operator performance and local conditions may help provide
insight in determining whether the speed limit has been
exceeded, or help explain whether sudden changes in speed
or direction are appropriate or inappropriate.

It will also be appreciated there are many important
components that may be used in evaluating operator perfor-
mance, including detection of vehicle swerves, detection of
vehicle sideways slide, and detection of driving on rumble
strips. Each aspect may provide insight of operator perfor-
mance during a given trip. Notably, detection of vehicle
swerves may indicate how the driver is changing the driving
lane and shows that if the change has been done smoothly
and appropriately, or aggressively, by comparing the average
speed of the vehicle in a previous window of time. Detection
of'vehicle sideways slide may be beneficial when the surface
exhibits reduced traction, such as when driving on snow or
in hydroplaning conditions. Similarly, detection of driving
on rumble strips occurs when the operator is not maintaining
an appropriate position within a lane, indicating drowsiness
or distraction. Detecting these and other aspects of vehicle
operation therefore may help assess operator performance
and prevent accidents.

During a given trip, the portable device may measure
different components such as acceleration, angular velocity,
Earth’s magnetic field strength, and others. Examples of
relevant information that may be determined from this
sensor data include location, traveled distance, breaking
events, accelerating events, time of the trip, turning and
cornering events, speed and others. Any one or combination
of sensor data may be used when assessing operator perfor-
mance. As will be described, the sensor data may be used to
distinguish the vehicle dynamics from the device dynamics.
Vehicle dynamics may refer to the movement of the plat-
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form, such as turns, speed, acceleration and deceleration,
while device dynamics may refer to device orientation,
which may change at any moment, and movements inde-
pendent of the platform, including those caused by user
interaction with the portable device, such as by Internet
surfing, texting, viewing, capturing images, making/receiv-
ing calls or other functions involving the portable device,
which may increase the chance of distracting the user from
proper and safe operation of the moving vehicle.

As an example of the value of assessing operator perfor-
mance, usage-based insurance (UBI), also known as pay as
you drive (PAYD) and pay how you drive (PHYD), refers to
a type of vehicle insurance whereby some portion of the
coast is based upon the operator behavior. UBI provides an
opportunity for insurers to modify the insurance cost to
customers based on specific behaviors and usage patterns.
Also, UBI could effectively reduce claims cost potentially.
Recently, the concept of usage-based insurance has gained
more attraction from the insurance companies around the
world. UBI could improve a driver’s behavior by providing
an incentive for good driving record and performance which
means fewer accidents and fewer claims and therefore less
to be paid out by the insurance companies. More generally,
an insurance company may more accurately estimate the
damage in case of an accident and minimize the fraud based
on an effective evaluation of operator performance, while
the collected data may reduce cost of accidents by improv-
ing the accident response time and monitoring the safety. To
properly assess operator performance, sufficient information
must be available. While this could include integration of the
necessary sensors into the vehicle itself, the availability of
sensor data from a portable device may allow for more rapid
adoption of UBI and similar applications. Notably, the
portable device may permit adequate evaluation of operator
performance without the need to retrofit an existing vehicle
or may save costs associated with equipping a vehicle with
dedicated sensors. Alternatively, the determinations made
using sensor data from the portable device may supplement
or verify determinations made using dedicated sensors. As
such, leveraging the capabilities of portable device may
provide the opportunity to support and accelerate the growth
of this type of insurance.

To help illustrate the techniques of this disclosure, FIG. 1
depicts an exemplary routine for characterizing motion of a
platform using sensor data from a portable device, which in
turn may be used to evaluate operator performance. As
discussed above, one example of a platform is a motorized
vehicle such as an automobile, such that characterization of
its motion may allow an assessment of the performance of
its operator, with whom the portable device is associated.
However, these techniques may be adapted to characterizing
the motion of other platforms, including non-motorized
vehicles or a pedestrian. Beginning with 100, sensor data
may be obtained for a portable device. In one aspect, the
sensor data may be inertial sensor data from one or more
accelerometers, gyroscopes or other suitable motion and/or
orientation detection sensors. In a further aspect, the sensor
data may also include information obtained from one or
more image sensors.

In 102, the sensor data may be processed to determine
whether the portable device is in a moving vehicle or other
relevant platform. Depending on the embodiment, motion
sensor data, image sensor data, or both, may be used in
determining whether the portable device is in a moving
platform. If not, the routine may simply return to 100 so that
obtaining the sensor data is ongoing in case circumstances
change. Otherwise, the routine continues to 104 and the
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sensor data may be used to identify motion dynamics of the
portable device that are independent from motion dynamics
of'the platform and the lack thereof. Again, depending on the
embodiment, motion sensor data, image sensor data, or both,
may be used in identifying independent motion dynamics of
the portable device. Notably, the total motion experienced
by the portable device is cumulative of the motion of the
platform and the motion of the device within that platform.
Identification of motion dynamics of the portable device that
are independent allows a preliminary determination of
whether the portable device is tethered or otherwise con-
strained by the platform. As noted above, this may occur
when the portable device is placed within the cradle of a
vehicle, for example. When in this condition, all motion
experienced by the portable device may be attributed to
movement of the platform, and the motion sensor data need
not be segregated. Correspondingly, in 106 the obtained
motion sensor data may be separated into motion sensor data
corresponding to motion of the platform and motion sensor
data corresponding to the identified independent motion of
the portable device when independent motion dynamics for
the portable device are identified. Once more, motion sensor
data, image sensor data, or both, may be used depending on
the embodiment when separating the motion sensor data. In
108, the separated motion sensor data corresponding to
motion of the platform may be output, as well as, or
alternatively to, motion sensor data corresponding to the
identified independent motion of the portable device. As will
be described in further detail below, motion sensor data
corresponding to motion of the platform may be used for
assessing operator performance.

As noted above, the portable device may include a sensor
assembly including inertial motion sensors providing mea-
surements that may be used in characterizing the motion of
a platform. To help illustrate these features, a representative
portable device 200 is depicted in FIG. 2 with high level
schematic blocks. As will be appreciated, device 200 may be
implemented as a device or apparatus, such as a handheld
device that can be moved in space by a user and its motion,
location and/or orientation in space therefore sensed. For
example, such a handheld device may be a mobile phone
(e.g., cellular phone, a phone running on a local network, or
any other telephone handset), tablet, personal digital assis-
tant (PDA), video game player, video game controller,
navigation device, wearable device (e.g., glasses, watch, belt
clip), fitness tracker, virtual or augmented reality equipment,
mobile internet device (MID), personal navigation device
(PND), digital still camera, digital video camera, binoculars,
telephoto lens, portable music, video or media player,
remote control, or other handheld device, or a combination
of one or more of these devices.

As shown, device 200 includes a host processor 202,
which may be one or more microprocessors, central pro-
cessing units (CPUs), or other processors to run software
programs, which may be stored in memory 204, associated
with the functions of device 200. Multiple layers of software
can be provided in memory 204, which may be any com-
bination of computer readable medium such as electronic
memory or other storage medium such as hard disk, optical
disk, etc., for use with the host processor 202. For example,
an operating system layer can be provided for device 200 to
control and manage system resources in real time, enable
functions of application software and other layers, and
interface application programs with other software and
functions of device 200. Similarly, different software appli-
cation programs such as menu navigation software, games,
camera function control, navigation software, communica-
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tions software, such as telephony or wireless local area
network (WLAN) software, or any of a wide variety of other
software and functional interfaces can be provided. In some
embodiments, multiple different applications can be pro-
vided on a single device 200, and in some of those embodi-
ments, multiple applications can run simultaneously.
Device 200 includes at least one sensor assembly, as
shown here in the form of integrated sensor processing unit
(SPU) 206 featuring sensor processor 208, memory 210 and
inertial sensor 212. As an example, SPU 206 may be a
motion processing unit (MPU™, suitable implementations
are available from InvenSense, Inc. of Sunnyvale, Calif.).
Memory 210 may store algorithms, routines or other instruc-
tions for processing data output by inertial sensor 212 and/or
other sensors as described below using logic or controllers
of sensor processor 208, as well as storing raw data and/or
motion data output by inertial sensor 212 or other sensors.
Inertial sensor 212 may be one or more sensors for measur-
ing motion of device 200 in space. Depending on the
configuration, SPU 206 measures one or more axes of
rotation and/or one or more axes of acceleration of the
device. In one embodiment, inertial sensor 212 may include
rotational motion sensors or linear motion sensors. For
example, the rotational motion sensors may be gyroscopes
to measure angular velocity along one or more orthogonal
axes and the linear motion sensors may be accelerometers to
measure linear acceleration along one or more orthogonal
axes. In one aspect, three gyroscopes and three accelerom-
eters may be employed, such that a sensor fusion operation
performed by sensor processor 208, or other processing
resources of device 200, combines data from inertial sensor
212 to provide a six axis determination of motion. As
desired, inertial sensor 212 may be implemented using
Micro Electro Mechanical System (MEMS) to be integrated
with SPU 206 in a single package. Exemplary details
regarding suitable configurations of host processor 202 and
SPU 206 may be found in co-pending, commonly owned
U.S. patent application Ser. No. 11/774,488, filed Jul. 6,
2007, and Ser. No. 12/106,921, filed Apr. 21, 2008, which
are hereby incorporated by reference in their entirety.
Alternatively, or in addition, device 200 may implement
a sensor assembly in the form of external sensor 214.
External sensor 214 may represent one or more motion
sensors as described above, such as an accelerometer and/or
a gyroscope, that outputs data for categorizing, recognizing,
classifying or otherwise determining device use case. As
used herein, “external” means a sensor that is not integrated
with SPU 206. In one aspect, external sensor 214 may
represent one or more acoustic, infrared, ultrasonic, radio
frequency, proximity and/or ambient light sensors. Also
alternatively or in addition, SPU 206 may receive data from
an auxiliary sensor 216 configured to measure one or more
aspects about the environment surrounding device 200. For
example, a barometer and/or a magnetometer may be used
to refine position determinations made using inertial sensor
212. In one embodiment, auxiliary sensor 216 may include
a magnetometer measuring along three orthogonal axes and
output data to be fused with the gyroscope and accelerom-
eter inertial sensor data to provide a nine axis determination
of motion. In another embodiment, auxiliary sensor 216 may
also include a barometer to provide an altitude determination
that may be fused with the other sensor data to provide a ten
axis determination of motion. Although described in the
context of one or more sensors being MEMS based, the
techniques of this disclosure may be applied to any sensor
design or implementation. Either or both of external sensor
214 and auxiliary sensor 216 may be a suitable source of
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supplemental sensor data in addition to motion sensor data
to be used as described below, and other architectures may
also be used to provide supplemental sensor data as desired.

In the embodiment shown, host processor 202, memory
204, SPU 206 and other components of device 200 may be
coupled through bus 218, while sensor processor 208,
memory 210, internal sensor 212 and/or auxiliary sensor 216
may be coupled though bus 219, either of which may be any
suitable bus or interface, such as a peripheral component
interconnect express (PCle) bus, a universal serial bus
(USB), a wuniversal asynchronous receiver/transmitter
(UART) serial bus, a suitable advanced microcontroller bus
architecture (AMBA) interface, an Inter-Integrated Circuit
(I2C) bus, a serial digital input output (SDIO) bus, a serial
peripheral interface (SPI) or other equivalent. Depending on
the architecture, different bus configurations may be
employed as desired. For example, additional buses may be
used to couple the various components of device 200, such
as by using a dedicated bus between host processor 202 and
memory 204.

In one aspect, the various operations of this disclosure
may be implemented through motion characterization mod-
ule 220 as a set of suitable instructions stored in memory 204
that may be read and executed by host processor 202. Other
embodiments may feature any desired division of processing
between host processor 202, SPU 206 and other resources
provided by device 200, or may be implemented using any
desired combination of software, hardware and firmware.

Multiple layers of software may be employed as desired
and stored in any combination of memory 204, memory 210,
or other suitable location. For example, a motion algorithm
layer can provide motion algorithms that provide lower-
level processing for raw sensor data provided from the
motion sensors and other sensors. A sensor device driver
layer may provide a software interface to the hardware
sensors of device 200. Further, a suitable application pro-
gram interface (API) may be provided to facilitate commu-
nication between host processor 202 and SPU 206, for
example, to transmit desired sensor processing tasks. As
such, aspects implemented in software may include but are
not limited to, application software, firmware, resident soft-
ware, microcode, etc., and may take the form of a computer
program product accessible from a computer-usable or com-
puter-readable medium providing program code for use by
or in connection with a computer or any instruction execu-
tion system, such as host processor 202, sensor processor
208, a dedicated processor or any other processing resources
of device 200.

As noted above, image sensor data may be used for
aspects of this disclosure, including determining if platform
of the portable device 200 is moving, identifying indepen-
dent motion dynamics of the portable device and/or sepa-
rating obtained motion sensor data into motion sensor data
corresponding to motion of the platform and motion sensor
data corresponding to the identified independent motion of
the portable device. Correspondingly, device 200 may
include image sensor 222, which may represent one or more
optical sensors for capturing images and may be imple-
mented as front-facing cameras, rear-facing cameras or both,
for example, which provide a valuable source of information
regarding the environment surrounding the portable device.
In some embodiments, the image sensor or optical sensor
may be based on a complimentary metal oxide semiconduc-
tor (CMOS) technology that is not subject to the time-
varying drift associated with the types of inertial sensors
typically employed in personal electronics, such as micro
electro mechanical system (MEMS)-based inertial sensors.
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Image sensor data may therefore include captured optical
samples, such as a sequence of images.

As opposed to sensor-based information, such as infor-
mation that may be obtained from the self-contained sensors
represented by inertial sensor 212, external sensor 214
and/or auxiliary sensor 216 discussed above, device 200
may also include absolute navigational information module
224 that provides any desired degree of location awareness
capabilities. In one aspect, this may include a reference-
based wireless system providing a source of absolute loca-
tion information for device 200. Representative technologies
that may be embodied by absolute navigational information
module 224 include: (i) global navigation satellite system
(GNSS) receiver such as global positioning system (GPS),
GLONASS, Galileo and Beidou, or any other GNSS, as well
as (i1)) WiFi™ positioning, (iii) cellular tower positioning,
(iv) Bluetooth-based positioning; (v) Bluetooth low energy
(BLE)-based positioning; (vi) other wireless-based position-
ing; and (vii) visual light communication-based positioning
or other similar methods.

The techniques of this disclosure may be used to separate
motion sensor data corresponding to motion of the platform
and motion sensor data corresponding to the identified
independent motion of the portable device from the obtained
motion sensor data in order to output motion sensor data
corresponding to motion of the platform that is independent
of motion of the portable device as noted above.

In one aspect, the motion sensor data corresponding to
motion of the platform that is independent of motion of the
portable device may be processed to derive operator ana-
Iytics for an operator of the platform. A navigation solution
for the platform may be provided by using the motion sensor
data corresponding to motion of the platform that is inde-
pendent of motion of the portable device, so that the operator
analytics may be based at least in part on the navigation
solution. The operator analytics may be based on at least one
of acceleration change, heading change, and speed. The
operator analytics may include adjusting for detection of
events comprising at least one of large acceleration, large
deceleration, sharp turns, a vehicle swerve, a vehicle side-
ways slide and vehicle interaction with rumble strips. In
turn, operator performance may be scored by comparing the
operator analytics to local conditions determined to exist
during operation of the platform.

In one aspect, determining the platform is moving may
include processing motion sensor data from the portable
device. Processing the motion sensor data may include
applying a signal analysis technique. The signal analysis
technique may be at least one of: (1) a statistical analysis; (ii)
a frequency-domain analysis; and (iii) a time-domain analy-
sis. Alternatively or in addition, processing the motion
sensor data may include applying a machine learning tech-
nique. Features extracted from the processed motion sensor
data may be input to at least one stored classification model
to determine whether the platform is moving. The at least
one stored classification model may include extracted fea-
tures developed during a training phase.

In one aspect, a source of absolute navigational informa-
tion may be provided so that determining the platform is
moving may be based at least in part on absolute naviga-
tional information.

In one aspect, image sensor data may be obtained from the
portable device, so that determining the platform is moving
may include processing the image sensor data. Processing
the image sensor data may include comparing similarity
between successive samples.
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In one aspect, identifying motion dynamics of the por-
table device that are independent from motion dynamics of
the platform may include processing the motion sensor data
from the portable device. For example, processing the
motion sensor data may include at least one of: (i) calcu-
lating radius of rotation; (ii) assessing change in orientation
of the portable device; (iii) determining heading misalign-
ment between the portable device and the platform; and (iv)
fusing extracted features from different sensor types. Motion
sensor data may also be obtained from at least one auxiliary
portable device, so that processing the motion sensor data
may include comparing motion sensor data from the por-
table device with motion sensor data from the auxiliary
portable device. Further, a source of absolute navigational
information may be provided, so that identifying motion
dynamics of the portable device that are independent from
motion dynamics of the platform may be based at least in
part on absolute navigational information. Still further,
supplemental sensor data may be obtained from the portable
device, so that identifying motion dynamics of the portable
device that are independent from motion dynamics of the
platform may include processing the supplemental sensor
data.

In one aspect, image sensor data may be obtained from the
portable device, so that identifying motion dynamics of the
portable device that are independent from motion dynamics
of the platform may include processing the image sensor
data. The image sensor data may be a sequence of images
and processing the image sensor data may include calculat-
ing a frame related parameter. For example, the frame
related parameter may be derived from at least one of: (i) a
comparison of pixels between sequential images; (ii) a
comparison of histograms of sequential images; and (iii) a
comparison of frame entropy of sequential images.

In one aspect, the image sensor data may be a sequence
of'images and processing the image sensor data may include
performing an optical flow analysis.

In one aspect, the image sensor data may be a sequence
of'images and processing the image sensor data may include
correlating regions between sequential images using at least
one of: (1) edge change rate detection; (ii) statistical analysis;
(iii) frequency domain analysis; and (iv) multi-resolution
analysis.

Further, image sensor data may be obtained from at least
one auxiliary device, so that processing the image sensor
data may include comparing image sensor data from the
portable device with image sensor data from the auxiliary
device.

Still further, supplemental sensor data may be obtained
from the portable device, so that identifying motion dynam-
ics of the portable device that are independent from motion
dynamics of the platform may include processing the
supplemental sensor data.

In one aspect, ranging sensor data may be obtained from
the portable device, so that identifying motion dynamics of
the portable device that are independent from motion
dynamics of the platform may include processing the rang-
ing sensor data.

In one aspect, separating motion sensor data correspond-
ing to motion of the platform and motion sensor data
corresponding to the identified independent motion of the
portable device from the obtained motion sensor data may
include processing the motion sensor data from the portable
device. For example, processing the motion sensor data may
include at least one of: (i) performing a wavelet analysis; (ii)
performing a blind source separation technique; (iii) per-
forming a Fast Fourier Transform (FFT) analysis; (iv) per-
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forming a Weighted Frequency Fourier Linear Combiner;
and (v) calculating radius of rotation. Further, motion sensor
data may be obtained from at least one auxiliary portable
device, so that processing the motion sensor data may
include comparing motion sensor data from the portable
device with motion sensor data from the auxiliary device.

In one aspect, a source of absolute navigational informa-
tion may be provided, so that separating motion sensor data
corresponding to motion of the platform and motion sensor
data corresponding to the identified independent motion of
the portable device from the obtained motion sensor data
may be based at least in part on the absolute navigational
information.

In one aspect, image sensor data may be obtained from the
portable device, so that separating motion sensor data cor-
responding to motion of the platform and motion sensor data
corresponding to the identified independent motion of the
portable device from the obtained motion sensor data may
include processing the image sensor data. For example, the
image sensor data may be a sequence of images and pro-
cessing the image sensor data may include performing an
optical flow analysis.

In one aspect, ranging sensor data may be obtained from
the portable device, so that separating motion sensor data
corresponding to motion of the platform and motion sensor
data corresponding to the identified independent motion of
the portable device from the obtained motion sensor data
may include processing the ranging sensor data.

In one aspect, image sensor data may be obtained from the
portable device and may be a sequence of images, so that
processing the image sensor data may include performing an
optical flow analysis, and separating motion sensor data
corresponding to motion of the platform and motion sensor
data corresponding to the identified independent motion of
the portable device from the obtained motion sensor data
may be based at least in part on the processed ranging sensor
data and the optical flow analysis.

As discussed above, the techniques of this disclosure also
involve a portable device for characterizing motion of a
platform. In one aspect, the motion characterization module
may be configured to determine whether the platform is
moving, and to perform at least one of: (i) identifying
motion dynamics of the portable device that are independent
from motion dynamics of the platform; and (ii) separating
motion sensor data corresponding to motion of the platform
and motion sensor data corresponding to the identified
independent motion of the portable device from the obtained
motion sensor data using the obtained motion sensor data.

In one aspect, the portable device may also include a
source of absolute navigational information, so that the
processor may be configured to obtain the absolute naviga-
tional information and the motion characterization module
may be configured to perform at least one of: (i) determining
whether the platform is moving; (ii) identifying motion
dynamics of the portable device that are independent from
motion dynamics of the platform; and (iii) separating motion
sensor data corresponding to motion of the platform and
motion sensor data corresponding to the identified indepen-
dent motion of the portable device from the obtained motion
sensor data using the obtained absolute navigational infor-
mation. The source of absolute navigational information
may be at least one of the following: (i) a global navigation
satellite system (GNSS); (ii) cell-based positioning; (iii)
WiFi-based positioning; (iv) Bluetooth-based positioning;
(v) Bluetooth low energy-based positioning; (vi) other wire-
less-based positioning; and (vii) visual light communica-
tion-based positioning.
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In one aspect, the portable device may have at least one
image sensor, so that the processor may be configured to
obtain image sensor data and the motion characterization
module may be configured to perform at least one of: (i)
determining whether the platform is moving; (ii) identifying
motion dynamics of the portable device that are independent
from motion dynamics of the platform; and (iii) separating
motion sensor data corresponding to motion of the platform
and motion sensor data corresponding to the identified
independent motion of the portable device from the obtained
motion sensor data using the obtained image sensor data.

In one aspect, the portable device may have a supplemen-
tal sensor, so that the processor may be configured to obtain
supplemental sensor data and the motion characterization
module may be configured to perform at least one of: (i)
identifying motion dynamics of the portable device that are
independent from motion dynamics of the platform; and (ii)
separating motion sensor data corresponding to motion of
the platform and motion sensor data corresponding to the
identified independent motion of the portable device from
the obtained motion sensor data using the obtained supple-
mental sensor data. For example, the supplemental sensor
may be selected from the group consisting of an ambient
light sensor and a proximity sensor.

In one aspect, the portable device may have a ranging
sensor, so that the processor may be configured to obtain
ranging sensor data and the motion characterization module
may be configured to perform at least one of: (i) identifying
motion dynamics of the portable device that are independent
from motion dynamics of the platform; and (ii) separating
motion sensor data corresponding to motion of the platform
and motion sensor data corresponding to the identified
independent motion of the portable device from the obtained
motion sensor data using the obtained ranging sensor data.

In one aspect, the sensor assembly may be an inertial
sensor. For example, the sensor assembly may include an
accelerometer and a gyroscope. The inertial sensor may be
implemented as a Micro Electro Mechanical System
(MEMS).

Examples

As described above, the techniques of the disclosure may
involve using any combination of motion sensor data and
image sensor data to make a series of determinations,
including whether a portable device is in a moving vehicle.
If so, any independent motion dynamics of the portable
device may be identified. When the portable device is
tethered or otherwise constrained to the platform, even if
only temporarily, the identification of independent motion
dynamics of the portable device may include the determi-
nation that no independent motion dynamics of the portable
device exist and correspondingly that any motion experi-
enced by the portable device reflects motion of the platform.
The motion sensor data may be output directly or may be
separated into motion sensor data corresponding to motion
of the platform and motion sensor data corresponding to the
identified independent motion of the portable device. The
following materials give examples of how motion sensor
data and image sensor data may be used at each stage.

To help illustrate aspects of this disclosure with regard to
evaluating operator performance, FIG. 3 depicts an exem-
plary routine for using sensor data from a portable device.
As discussed above, one example of a platform is a motor-
ized vehicle such as an automobile, truck, tractor trailer, van
or other similar conveyance, such that characterization of its
motion may allow an assessment of the performance of its
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operator, with whom the portable device is associated.
Beginning with 300, sensor data may be obtained for a
portable device. For example, the sensor data may be inertial
or other motion sensor data, and may also include imaging
sensor data, supplemental sensor data and/or ranging sensor
data. In 302, the sensor data may be processed to determine
whether the portable device is in a moving platform such as
a motorized vehicle. Depending on the embodiment, motion
sensor data, image sensor data, or both, may be used in
determining whether the portable device is in a moving
vehicle. Notably, the characteristics of the moving platform
may be assessed to determine whether the type of motion is
consistent with that of a motorized vehicle. Given that
aspects of the techniques of this disclosure relate to assess-
ing the performance of the operator of the vehicle, it may be
desirable to categorize the platform as a motorized vehicle.
If the platform is not moving or if the platform is not
exhibiting motion characteristic of a motorized vehicle, the
routine may simply return to 300 so that obtaining the sensor
data is ongoing in case circumstances change. Otherwise,
the routine continues to 304 and the sensor data may be used
to identify motion dynamics of the portable device that are
independent from motion dynamics of the vehicle or the lack
thereof. Again, depending on the embodiment, motion sen-
sor data, image sensor data, or both, may be used in
identifying independent motion dynamics of the portable
device.

As discussed above, the total motion experienced by the
portable device is cumulative of the motion of the platform
and the motion of the device within that platform, so that
when no independent motion dynamics for the portable
device are identified, all motion experienced by the portable
device may be attributed to movement of the platform, and
the motion sensor data need not be separated. Correspond-
ingly, in 306 the routine branches depending on whether
independent portable device motion dynamics are identified,
and if not, the routine flows to 308 and the obtained motion
sensor data is output as corresponding to the motion dynam-
ics of the vehicle and may be used to characterize the motion
of'the platform for any desired purpose, such as for assessing
operator performance. If there are independent motion
dynamics identified for the portable device in 306, then the
obtained motion sensor data may be separated into motion
sensor data corresponding to motion of the vehicle and
motion sensor data corresponding to the identified indepen-
dent motion of the portable device in 310 as indicated. Once
more, motion sensor data, image sensor data, or both, may
be used depending on the embodiment when separating the
motion sensor data. The separated motion sensor data output
in 312 may be motion sensor data corresponding to motion
of the vehicle, motion sensor data corresponding to the
identified independent motion of the portable device, or
both. As an example, motion sensor data corresponding to
motion of the platform may be used for assessing operator
performance and motion sensor data corresponding to the
identified independent motion of the portable device may be
used for other related or unrelated purposes. For example, it
may be desirable to determine whether the user of a portable
device is operating the platform as discussed in commonly-
owned U.S. patent application Ser. No. 14/812,411, filed Jul.
29, 2016, which is hereby incorporated by reference in its
entirety.

The techniques of this disclosure, particularly with regard
to the determination of whether the platform is moving, the
identification of independent motion dynamics of the por-
table device and/or separating motion sensor data corre-
sponding to motion of the platform and motion sensor data
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corresponding to the identified independent motion of the
portable device from the obtained motion sensor data may
be performed using only data obtained from sensors of the
portable device or a plurality of synchronized portable
devices as described in the examples below. Further, the
sequential determinations that may be made, such as indi-
cated by the routines of FIGS. 1 and 3 allow resources to be
conserved, improving the efficiency of the process. For
example, if it determined the platform is not moving,
additional aspects of the routine(s) need not be performed.
Likewise, if no independent motion dynamics are identified,
it may not be necessary to expend the processing resources
associated with separating or segregating the motion sensor
data, as the obtained motion sensor data may be output
directly as motion sensor data corresponding to motion of
the platform.

With regard to the determination of whether the portable
device is in a moving platform made in 102 of FIG. 1 or 302
of FIG. 3, any capability of the portable device may be
employed, including using the motion sensor data, the image
sensor data, or other information such as may be obtained
from proximity sensors, light sensors, wireless signal posi-
tioning, and operating status of the portable device. For
example, if the portable device is interfaced with a vehicle
system, such as with the audio system through Bluetooth™
or the like, different assumptions may be made about
whether movement of the portable device corresponds to
motion of the platform.

In the context of determining whether the portable device
is in a moving platform primarily using motion sensor data,
any suitable signal analysis or machine learning technique
may be employed. Signal analysis techniques include many
approaches such as statistical, time domain, and/or fre-
quency domain analysis and the machine learning tech-
niques may involve extracting features from the sensor data
and inputting the extracted features into a classification
model generated offline during a training phase. Any com-
bination of machine learning and signal analysis techniques,
or both, may be employed. Examples of these techniques are
described in the following materials, but any suitable means
may be employed, using motion sensor data, such as infor-
mation from inertial sensor 212, external sensor 214 and/or
auxiliary sensor 216. Motion characterization module 220
may be configured to use the motion sensor data to deter-
mine whether portable device 200 is within a moving
vehicle.

In one embodiment, a machine learning approach may be
employed in which a classification model is built using
different types of statistical, time-domain, and frequency-
domain features extracted from a large set of training
trajectories of both vehicle motion modes, such as experi-
enced in an automobile, another wheeled vehicle (e.g., car,
truck, bus, motorcoach, or the like), boat, heavy equipment,
or other motorized vessels, and non-vehicle motion modes,
such as for example walking, running or cycling among
others. For example, three-axis accelerometer and three-axis
gyroscope data may be used. Optionally, additional infor-
mation, such as from a magnetometer (e.g., a three-axis
magnetometer), a barometer, absolute navigational informa-
tion module 224 (e.g., GNSS information) and/or from other
suitable sources.

An exemplary configuration is schematically depicted in
FIG. 4. During an offline training phase 400, data sets of
representative trajectories for desired vehicle motion modes
may be supplied in 402, from which statistical, time-domain,
and/or frequency-domain features may be extracted in 404
and supplied to a suitable training algorithm in 406. A label
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408 representing whether the motion mode of each data set
corresponds to a moving vehicle may be associated with the
extracted features by the algorithm to generate classification
models 410.

One or more classification models may then be supplied
to the portable device, such as to motion characterization
module 220 of portable device 200 for use in an identifica-
tion phase 412 during which it may be determined whether
portable device 200 is in a moving vehicle. In 414, accel-
erometer and gyroscope motion sensor data, and optionally,
GNSS, magnetometer and/or barometer data, may be
obtained for portable device 200. As indicated, this may
include measurements of specific forces and angular rates,
velocity, position, and/or altitude. In 416, any suitable
combination of this data may be preprocessed, such as in a
sensor fusion operation to estimate certain variables. Pre-
processing may also include performing filtering operations,
such as with a low pass filter to reduce noise. Preprocessing
may also include leveling one or more sensor measurements
to account for an orientation of portable device 200, such as
in the form of determined roll or pitch angles indicating a
relationship to a suitable external frame of reference. These
variable may include any of: a,,, representing a net accel-
eration component of portable device 200 along the axis
normal to the surface of the Earth; a,, representing magni-
tude of the acceleration component along the plane parallel
to the surface of the Earth; lwl, representing the norm of
compensated angular rotation components; h, representing
smoothed altitude, which may include barometric altitude if
available, fused with smoothed levelled vertical accelera-
tion; and/or v, representing differentiation of smoothed
height with respect to time.

In 418, features may be extracted from the variables
output by 416, suitable features include statistical features,
representing either the central or typical value, or a measure
of the spread of data, across a window; energy, power, and
magnitude features, representing the overall intensity of the
data values across a window; time-domain features, repre-
senting how a signal or variable varies with time; frequency-
domain features, representing a variable or signal in the
frequency domain; or any other features, such as cross-
correlation between the acceleration components. The
extracted features may then be fed to 420 for classification
by evaluation of the features extracted in 418 into the models
410 derived during training phase 400. Classification as
represented by 420 may be a decision tree, support vector
machine, artificial neural network, Bayesian network, or any
other machine learning or pattern recognition model, or
combination thereof. Based on the output, motion charac-
terization module 220 may determine whether portable
device 200 is in a moving vehicle.

In one embodiment, a signal analysis approach may be
employed in which a statistical (e.g., mean or variance),
time-domain (e.g., peak detection), or frequency-domain
(e.g., Fast Fourier Transform or wavelet transform) analysis
may be performed, or a combination of these techniques
may be employed. As in the machine learning approach,
three-axis accelerometer and three-axis gyroscope data may
be used. For example, the analysis may include at least one
of an angular rotation signal, a signal derived from the
angular rotation signal, an acceleration signal, and a signal
derived the acceleration signal. Also similarly, additional
information, such as from a magnetometer (e.g., a three-axis
magnetometer), a barometer, absolute navigational informa-
tion module 224 providing a source of absolute navigational
information (e.g., GNSS information) and/or from other
suitable sources is optional and may be employed as desired.
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An exemplary routine is schematically depicted in the
flowchart of FIG. 5. Inputs, including accelerometer data
500 and gyroscope data 502, such as from inertial sensor
212, external sensor 214 and/or auxiliary sensor 216, may be
fed to 504 and used by motion characterization module 220
to determine whether portable device 200 is stationary. As
indicated, additional information, depicted as magnetometer
data 506 and barometer data 508 optionally may be used if
desired and available. Depending on the implementation,
barometer and/or magnetometer data may be obtained from
external sensor 214 and/or auxiliary sensor 216. Information
from other suitable sources may also be employed. For
example, determination of whether portable device 200 is
stationary may include deriving the variance, mean, and
magnitude of certain frequency bins, of the specific force
measurements from the accelerometer and the rotation mea-
surements from the gyroscope over pre-defined length win-
dows and comparing the values against suitable thresholds
to identify whether the platform conveying portable device
200 is stationary or not. As indicated by 504, if such values
are less than corresponding thresholds, the platform may be
assumed to be stationary and the routine may branch to 510
resulting in a determination portable device 200 is not in a
moving vehicle.

Otherwise, if the determination in 504 is that the platform
is not stationary, the motion sensor data, including acceler-
ometer data 500 and gyroscope data 502, may be fed to 512
for determination of whether a periodic motion component
is present. Again, use of magnetometer data 506, barometer
data 508 and/or other suitable sources of information is
optional and may be used if desired and available. When a
periodic motion component is present, it may indicate the
user is undergoing a regular, repeating motion. Since a
periodic motion component is characteristic of human-
powered motion, such as walking, running, cycling and the
like, a positive determination in 512 may cause the routine
to branch to 510 resulting in a determination portable device
200 is not in a moving vehicle. For example, the specific
force measurements may be transformed to obtain the lev-
elled vertical acceleration (i.e., acceleration along the axis
perpendicular to the Earth’s surface). Correspondingly, if
regular maxima peaks occur with amplitudes exceeding an
appropriate threshold and if peak-to-peak time periods
exceeding an appropriate threshold are detected, then foot-
steps or cycle pedals may be assumed. However, if no or an
insufficient periodic motion component is detected, the
routine may continue to 514, for application of vehicle
motion detection logic that may receive inputs from 512 and
518, discussed below. Output from vehicle motion detection
logic 512 may include a determination portable device 200
is in a moving vehicle mode as indicated by 516. Otherwise,
it is identified that the phone is not in a moving vehicle, i.e.,
assumed that the user carrying the phone may be walking,
running, or cycling for example or other non-vehicular
motion.

As an optional adjunct, if GNSS data 518 is available,
such as obtained from absolute navigational information
module 224, motion characterization module 220 may deter-
mine in 520 whether portable device 200 is experiencing a
velocity greater than an appropriate threshold. Other sources
of absolute navigational information may also be used to
derive velocity for portable device 200. If the velocity
exceeds the threshold for a sufficient period of time, such as
several seconds, it may be assumed that portable device 200
is in a moving vehicle and the routine may jump to 514.
Otherwise, the routine may continue to 504 to perform the
operations described above, since velocity below the thresh-
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old may indicate portable device 200 is stationary or the
platform is the user cycling, running or walking. Further, the
position and/or velocity information determined from GNSS
data 518 may be used to supplement or facilitate the deter-
minations made in 504 and 512.

Alternatively or in addition, image sensor data may be
used when determining whether the portable device 200 is
within a moving platform. For example, detection of
whether portable device 200 is in a static, motionless state
may be determined by assessing the degree of similarity
between samples. As will be appreciated, if portable device
200 is static, even if it is within a platform, the platform must
also be static. In one embodiment, motion characterization
module 220 may be configured to detect a static state of
portable device 200 using the Mean Structural Similarity
Index (MSSIM). The MSSIM is a singular value that quan-
tifies the degree to which two images match in luminance,
contrast, and structure. For two input signals x and y, the
SSIM within a window m of size NxN is given by Equation
(1), wherein p, and p, are the means of x,, and y,,, o,? and
0y2 are the variance of x,, and y,, 0,, is the covariance
between x,, and y,,, and C,; and C, are stabilizing coeffi-
cients:

Cptxpty + C1) 202y + C2)
2+ +Co2+02+Cy)

SSIM (X yim) = @

By taking the mean value across all M windows used to
construct the structural similarity array, the MSSIM may be
represented by Equation (2):

M @
> SSIM (s i)

MSSIM(x, y) = ™= —

An MSSIM value of zero may be taken as an indication
that the two images are completely unrelated, while a value
of one indicates that the images are identical. Because a
static feature-rich scene and a moving feature-less scene
would both result in a high MSSIM, characteristics in
addition to the MSSIM value may be employed for static
detection. For example, when the MSSIM value of a pair of
images exceeds a threshold, the homogeneity of the images
may also be assessed. In one aspect, a high homogeneity (i.e.
small derivative value) of the scene being captured may
indicate largely uniform images and may reduce the confi-
dence in any navigational constraint subsequently deter-
mined from those images. Conversely, high derivative val-
ues may indicate the scene is feature-rich and the confidence
in a corresponding navigational constraint determined from
the images may be increased.

Turning now to 104 of FIG. 1, may be performed by
motion characterization module 220, such as by using
motion sensor data, such as information from inertial sensor
212, external sensor 214 and/or auxiliary sensor 216. In
progressing to this stage, it has already been determined that
portable device 200 is in a moving vehicle. Correspondingly,
in one aspect, identifying independent motion dynamics of
the portable device may include determining whether por-
table device 200 is tethered to the platform, such as being
secured in a cradle or holder or otherwise mounted to the
vehicle.
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In one aspect, identification of independent motion
dynamics of the portable device may involve assessing a
radius of rotation. Since portable device 200 may be moved
or tilted to any orientation within the platform (vehicle)
either due to interaction with the user or due to a movement
of the platform including turns, the radius of rotation of
portable device 200 may be used to distinguish whether the
device movement is attributed to vehicle turning or move-
ment by the user. Calculating the radius of rotation of the
device may be achieved using the gyroscope and acceler-
ometer readings or a smoothed, averaged, or filtered version
thereof. The calculated radius of rotation may or may not
undergo smoothing, averaging, or filtering as well. A thresh-
old value may be used to classify the values of the calculated
radius of rotation to relatively smaller and relatively larger
values. Smaller values of the radius of rotation indicate a
device motion due to a user movement while larger values
may indicate device motion due to vehicle maneuvering. As
such, user movement may include changes in orientation,
direction, or dynamics due to a user is trying to reach the
phone or use it for any activity such as making calls. Vehicle
or vehicle movement on the other hand may include a
change in the device orientation, direction, or dynamics due
change in the vehicle direction or vehicle speed by accel-
erating or decelerating.

One suitable technique for calculating the radius of rota-
tion of portable device 200 r may depend on its angular
velocity w, angular acceleration m and translational accel-
eration A; both the angular velocity and the angular accel-
eration may be obtained from gyroscope measurements,
while the translational acceleration may be obtained from
accelerometer measurements after removing the gravita-
tional component. Removing the gravitational component
from the accelerometer data may require leveling the device
axis to the horizontal plan. Optionally, the gyroscope and
accelerometer readings may be smoothed, averaged, or
filtered, such as for example smoothing or averaging a
history of the gyroscope readings before using them to
calculate the angular acceleration. Equation (3) illustrates
the relation between the translational velocity V of an object
and its rotational velocity w, where R is the radius of rotation
vector where can be represented by [R, R, R %

V=wxR (3)
This equation may then be differentiated to generate Equa-
tion (4):

a=V=wxR-loPR={[o,]-lo[]}R “
in which a is the translational acceleration vector, I is the
identity matrix, and o is the angular acceleration vector as
given in Equation (5):
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Both sides of Equation (4) may be multiplied by {[u'ux]—lool2
[1]}7" to obtain R as indicated by Equation (6):
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Correspondingly, the magnitude of the radius of rotation
may be expressed by Equation (7), wheree R , R and R are
the three components of the B vector in the x-axis, y-axis,
and z-axis direction respectively:

r=IRI=VR 4R, 4R &

As noted above, the calculated value of the radius of
rotation of portable device 200 may be used to identify if a
change in the device motion is caused by a movement of the
device itself or by a motion of the platform containing the
device. A smaller radius of rotation value results when
movement is due to user interaction and a larger radius of
rotation value results when movement is due to vehicle
motion. To help illustrate, test data was obtained to show the
effect of the estimated radius of rotation values in relation to
the vertical gyroscope, and roll and pitch angles values.
Specifically, FIG. 6 graphically illustrates the test data, with
the top graph showing the vertical gyroscope value, the
middle graph showing device orientation and the bottom
graph showing the calculated radius of rotation. The region
designated “A” represents movement due to vehicle motion
while the region designated “B” represents movement due to
user motion. for all entities. The two marked and labeled
boxes are refereeing to regions of interest where area A
refers to vehicle movement while area B refers to user
interaction. A more detailed view of region “A” is graphi-
cally illustrated in FIG. 7, showing that there is a rotation
around the vertical axis corresponding to a change in the
vehicle direction. However, the roll and pitch values show
that the device is maintaining the same orientation during
the change. The radius of rotation values are predominantly
larger than a given threshold, 1 meter, indicating the change
in the driving direction is due to turn by the vehicle. In
contrast, FIG. 8 illustrates a more detailed view of region
“B.” Here, the gyroscope values again indicate a change in
direction, but the roll and pitch values also indicate a change
in the device orientation and the radius of the rotation values
are predominantly smaller than the threshold. Thus, region
“B” represents movement of the device that may be attrib-
uted to user interaction.

In one aspect, identification of independent motion
dynamics of the portable device may involve analyzing
characteristics of the determined orientation of portable
device 200. Roll, pitch, and yaw angles may be calculated
from the motion sensor data, such as by using accelerometer
data, gyroscope data, and/or magnetic data. These angles
may be used to define the device orientation and any change
in their values indicates movement experienced by portable
device 200. As such, the device orientation will have a
constant status if the device is motionless, while change in
device orientation may be attributed to either platform
motion or user interaction. Analyzing the change in the
device orientation may be used to identify device motion
dynamics that are independent of the platform motion
dynamics. For example, if the vehicle is accelerating or
decelerating, there will be no change in the device orienta-
tion and the values of the roll, pitch and yaw angles may
expected to remain the same and not be affected. Likewise,
a vehicle maneuver such as turning may be expected to
result in a change in yaw angle only, while the roll and pitch
angles values of portable device 200 may remain the same.
Conversely, any change in the device orientation resulting
from user interaction may affect any of the roll, pitch, and
yaw angles. Correspondingly, the device orientation with the
non-holonomic constraints may be used to identify the
source of device movement and assign it to vehicle maneu-
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vering or user interaction. Further, the rate of change in the
device orientation may also be considered in the analysis.

In one aspect, identification of independent motion
dynamics of the portable device may involve analyzing the
heading misalignment between a heading of portable device
200 and the driving direction or heading of the platform. As
will be appreciated, the heading misalignment between the
vehicle direction and the device heading may be determined
from the motion sensor data. It may be expected that the
value of the heading misalignment angle will remain con-
stant when the user is not interacting with portable device
200. For example, if the device is not moved being moved
independently by the user, when the driving direction
changes, the device heading will follow, changing in a
corresponding manner so that the value of the heading
misalignment angle stays relatively constant. As such, any
change in the heading misalignment angle may indicate that
the device is being moved due to user interaction.

To help illustrate, representative test data was obtained
under temporarily tethered conditions, when the portable
device was held in a cradle and when the portable device
was placed on the passenger seat beside the operator. The
results when cradled are graphically illustrated in FIG. 9,
with the gyroscope magnitude shown in the top graph, the
device orientation shown in the middle graph and the
determined heading misalignment in the bottom graph. As
shown, a driving test began with the device having a heading
misalignment angle of about =20 degrees with respect to the
driving direction. The user changes the device orientation to
make a heading misalignment of about 80 degrees. Then, the
device direction changes again to be about —110 degrees
with respect to the driving direction. Finally, the device was
returned to the original direction, with the heading misalign-
ment angle about —20 degrees. Similarly, the results from
when the portable device is resting on the passenger seat are
shown in FIG. 10. At the start of the test, the device has the
same heading angle as the driving direction with heading
misalignment angle of about 0 degrees. The user changes the
device direction, which makes the heading misalignment is
about 100 degrees. Then, the device direction was changed
to be about -70 degrees with respect to the driving direction.
Finally, the device orientation was changed to have about 20
degrees of heading misalignment. In both figures, the device
orientation values show the intervals and the times where the
device changes orientation and the gyroscope magnitude
plots shows the difference between the angular rotation
values during turns and during orientation change. By cor-
relating the times when the device orientation changes, but
the heading misalignment does not, it may be determined the
device movement is a result of the platform motion dynam-
ics. For example, the regions labeled “A” are examples for
the angular rotation values due to a change in the device
orientation due to user interaction while the regions labeled
“B” are examples for the angular rotation values due to a
change in the driving direction, i.e., turning.

In one aspect, identification of independent motion
dynamics of the portable device may involve use of a source
of absolute navigational information, such as from absolute
navigational information module 224. As discussed above,
absolute navigational information such as GNSS data, when
available, may provide information about the direction of
the platform and portable device 200 when both have the
same heading direction. The driving direction may be cal-
culated from the GNSS data or other source of absolute
navigational information collected by the device in the
vehicle. The device heading as noted above may be calcu-
lated based on the sensors data, GNSS data, or both. When

40

45

50

55

24

portable device 200 is in a tethered condition, both may be
expected to have the same heading even if the vehicle is
maneuvering or changing direction. However, device head-
ing determined from motion sensor data may be expected to
deviate from the heading based on the GNSS data when
portable device 200 is moved due to user interaction. Rep-
resentative test data is graphically illustrated in FIG. 11. As
shown, periods when the device orientation changes may be
correlated with periods when the heading of the device
determined from the motion sensor data deviates from the
heading determined from absolute navigational information
to identify motion dynamics of the portable device that are
independent of motion dynamics of the platform.

In one aspect, identification of independent motion
dynamics of the portable device may involve comparing
motion sensor data from a plurality of portable devices. use
of a source of absolute navigational information, such as
from absolute navigational information module 224. As
noted above, portable devices having the capability to sense
motion are becoming ever more popular. Correspondingly,
situations may exist when two or more devices generally
having the capabilities discussed with regard to portable
device 200 are present in the moving platform. When more
than one device are in the vehicle at the same time, the
motion sensor data from the different devices may be
synchronized, such as by using a reference time tag such as
GPS-Time tag. It may be expected that any change in device
motion dynamics should be the same for all devices when
both are in a tethered condition. However, if one device
experiences a different motion pattern than another device,
it may be determined that one there are motion dynamics
that are independent of the moving platform. For example,
FIG. 12 schematically depicts portable device 200 and
auxiliary portable device 230 within the cabin of a platform,
vehicle 232. As noted, auxiliary portable device 230 may
have similar capabilities as portable device 200, an illustra-
tion being portable device 200 implemented as a smartphone
and auxiliary portable device 230 as a tablet, however either
device may be any portable device. In this embodiment,
portable device 200 is shown as being mounted to a dash
cradle. Depending on how it is secured, the frame 234 of
portable device may not be aligned with the frame 236 of the
vehicle. This difference in relative orientation is the mis-
alignment between the respective frames, and as discussed
herein, aspects of this disclosure pertain to determining this
misalignment, such as in the context of heading misalign-
ment which expresses the difference in orientation in refer-
ence to the direction of driving. Notably, this misalignment
may vary at any time if the user is holding portable device
200 or otherwise interacting with it. In the embodiment
shown, auxiliary portable device 230 is placed within the
glove compartment, but the techniques of this disclosure
may be applied regardless of its location within the platform.
For example, either device may be held by the user, tethered
to the platform (temporarily or for the duration of a trip),
resting on a surface of the platform, held within a pocket or
holster of the user, retained within a backpack, purse,
briefcase or the like, or placed in any other manner within
the platform.

Representative data was collected when two devices were
tethered to the vehicle as shown in FIG. 13 and when one
device was tethered but the other experienced movement
due to user interaction as shown in FIG. 14. As may be seen,
the data from both devices was similar in FIG. 13 and one
device experienced a different motion pattern in FIG. 14.
Consequently, the change in the device dynamics may be
recognized as being due to user interaction or vehicle
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movement by comparing the synchronized data from differ-
ent devices that collect motion sensor data simultaneously.
When the portable devices have the same change at the same
time, it may be expected that all movement being experi-
enced is attributable to the motion dynamics of the platform,
while any differences may be used to identify motion
dynamics of the portable device that are independent of the
motion dynamics of the platform.

In one aspect, identification of independent motion
dynamics of the portable device may involve other suitable
techniques. For example, data from the accelerometer, gyro-
scope, magnetometer, barometer, and/or GNSS could be
fused together or used individually. However, most of these
benefit from some form of processing such as de-noising and
leveling. Correspondingly, each source of sensor data has
features which may be used to identify motion dynamics of
the device that are independent of platform motion dynam-
ics. These features may be calculated in the time domain or
in the frequency domain. Using a windowing technique,
suitable time domain features may include the magnitude,
average, standard division, peak to peak, mean square
error, . . . etc. while suitable frequency domain features may
include amplitudes at certain frequency bins, signal energy,
entropy, . . . etc. Further, a correlation coefficient may be
used as a feature to represent the relation between two
different sensors. Features may be represented as a scalar or
vector per feature, a concatenated vector of all features, or
one matrix holding all features. Moreover, the extracted
features could be used as groups or subsets or may be
transformed into a different space. Different techniques may
then be used to fuse the different extracted features from the
different sensors to provide the proper decision about the
source of the device movement. One example is a statistical
analysis technique that uses different features with the
appropriate thresholds. Other possible technique includes
methods based on machine learning algorithms, of which
Artificial Neural Network (ANN), Support Vector Machine
(SVM), k-nearest neighbor (KNN), Rand Forest (RF) are
examples of machine learning classifiers.

Additionally or alternatively, identification of indepen-
dent motion dynamics of the portable device may involve
information obtained from image sensor 222 as noted above.
Once it has been determined the platform is moving, After
detecting the device in a moving vehicle, different
approaches employing image sensor data may be used to
distinguish between motion dynamics of the platform and of
the portable device. As will be described in the following
materials, image sensor output such as a camera image or
sequence of images and input from image sensors of syn-
chronized devices may be used. Further, supplemental sen-
sor data, such as from depth sensors and proximity sensors,
may also be employed. Depth or ranging sensors could be
optical based, such as IR sensors, while a LIDAR or other
ultrasonic sensors represent non-optical sensors than may
provide depth or range information.

Since many implementations of portable device 200 may
have an image sensor 222 in the form of a front and/or rear
camera, such sensors may capture an instantaneous image or
a sequence of images. Correspondingly, the captured images
may be used when identifying independent motion dynam-
ics of the portable device. Different techniques may be used
to detect if a scene over a sequence of frames has changed
totally or partially. When there is a change in platform
dynamics, such as from vehicle maneuvering, it may be
expected that change will occur in some areas while some
other areas may be the same over a sequence of frames.
Borders around the windshield or around door glasses may
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be used as a reference to detect change in the sequential
frames. Conversely, when a user interacts with the device
and causes movement that is independent of the platform
motion dynamics, it may be expected the whole scene will
change completely from frame to frame as opposed to the
partial change in sequential frames with fixed borders when
movement is due to the platform motion dynamics. As will
be described below, optical flow analysis and motion esti-
mation techniques may be used to evaluate the change in a
scene over a sequence of frames.

An overview of one technique for using image sensor data
is schematically illustrated in the flowchart shown in FIG.
15. Beginning with 600, at least one sample may be captured
using image sensor 222, for example. In 602, one or more
preprocessing operations may be performed, which may
include steps such as conversion to grayscale, image denois-
ing or other filtering, conversion to a format that facilitates
calculation of frame parameter, and/or any other suitable
preprocess. Next, one or more frame related parameters may
be calculated for each sample in 604. Frame related param-
eters are values that help distinguish between movement of
portable device 200 due to user interaction and movement
due to platform motion. As will be described below, such
parameters may use different characteristics of the sample
on a pixel by pixel basis. Further, in some embodiments the
parameters may be derived by comparing sequential samples
to assess characteristics such as the similarity between two
frames. In one aspect, a greater the difference between
sequential sample, or consecutive images, relates to a greater
indication of a relevant change in the scene. For example, a
change in the scene may imply movement of device 200 that
is independent of the platform. By accounting for constraints
in aspects of the possible motion of the platform, a sudden
change in the scene may occur when the device movement
is due to user interaction. Other parameters may also be
calculated to detect movement of the device caused by the
user. Generally, the values of these parameters may be
compared to appropriate thresholds to aid in the identifica-
tion of independent motion dynamics of portable device
200. Thus, based at least in part on the calculated frame
related parameters, a decision of whether portable device
200 has motion dynamics that are independent of the vehicle
motion dynamics may be output in 606, as related to the
operation of 104 in FIGS. 1 and 304 in FIG. 3.

One illustrative frame related parameter is a measurement
of the difference between sequential samples, in that two
consecutive frames may be used to calculate the Sum of
Absolute Difference (SAD). The two frames are compared
pixel by pixel, summing up the absolute values of the
differences of each two corresponding pixels. The result is a
positive number that is used as the score. SAD reacts very
sensitively to even minor changes within a scene such as fast
movements of the image sensor. To calculate the sum of
absolute difference, the image may be converted into gray-
scale first as a preprocessing operation. Then the pixel by
pixel differences between the two consecutive frames may
be calculated, such as by employing Equation (8):

Diff(7,j/)=Curr_Frame_Pixel(i j)-Prev_Frame_Pixel(i,

7 ®)
The summation of all differences may then be calculated,
where the number of differences is equivalent to the total
number of pixels per frame, given by the frame width (W)
and height (H) dimensions. Equation (9) shows the deter-
mination of the normalized SAD between two consecutive
frames, with the value of 255 corresponding to the number
of the greyscale levels in this embodiment:
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1 woH (©)]
Normpyy = mgzjl |Diff (i, Pl

To help illustrate the use of the SAD frame related
parameter, representative tests were performed using cap-
tured image sensor data. In FIG. 16, a plot of the normalized
SAD between the consecutive frames is shown. At values
below approximately 0.15, the normalized SAD indicates
relatively small changes between sequential samples, indi-
cating similar images corresponding to smooth changes over
increased time periods as may be expected when the bor-
dering portions remain constant and the outside scene
changes in response to straight line progress or other vehicle
maneuvers such as turns. However, peaks in the plot, such
as the peak indicated by the circled data point having a value
of 0.31, represent a relatively large normalized SAD. The
corresponding images are shown in FIG. 17, and as may
readily be seen, this larger SAD relates to a change in the
orientation of portable device 200 within the platform,
causing the entire image to change given the new perspec-
tive. As the time stamps indicate, the time difference
between sequential samples is one second in this example,
but other time periods may be used as desired.

Another frame related parameter may be based on the
histograms of samples captured by image sensor 222, which
for a greyscale image may be a distribution of its discrete
intensity levels corresponding to the bit depth, such as in the
range [0 255]. The histogram may be presented as a bar chart
of the count of the number of pixels at each grayscale level
in the image. The distribution is a discrete function h
associating each intensity level r, the number of pixel with
this intensity n,. Further, a histogram may be normalized by
transforming the discrete distribution of intensities into a
discrete distribution of probabilities. One suitable technique
may involve dividing each value of the histogram by the
number of pixel (W*H) as indicated by Equation (10)

I
W=«+H

Norm,,, = a0
ng

Because a digital image is a discrete set of values, it may be
expressed as a matrix so each n, may be divided by the
dimension of the array, the product of the width by the length
of the image.

In one aspect, sequential samples may be compared by
computing the histogram differences (HD). This technique
has similarities to the use of the SAD parameter described
above, with the expectation that relatively smaller values
may correlate to images captured when portable device is
not experiencing motion dynamics independent of the plat-
form and relatively larger values may correlate to movement
of the device that is independent of the platform as may
result from user interaction. As compared to SAD, HD may
not be as sensitive to minor changes within a scene, and its
use may result in fewer false indications of independent
motion dynamics, but may not recognize hard cuts that result
in significant discontinuities between sequential samples.
sharp changes Correspondingly, one or a combination of
both techniques as desired or as warranted by conditions.

Representative tests were conducted to help illustrate
these concepts. In one scenario, FIGS. 18 and 19 show
sequential samples and their corresponding histograms cap-
tured when the vehicle was stationary in traffic and the user
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was not interacting with the device. As may be seen, the
difference is relatively minor. A further illustration is given
by FIGS. 20-22, which show sequential samples and their
corresponding histograms captured when the vehicle was
performing a turning maneuver and the user was not inter-
acting with the device. Here, even though the outside scene
changes as the vehicle performs the turn and the surrounding
traffic is altered, the bordering portions of the images remain
the same, again resulting in similar histograms. Conversely,
FIGS. 23 and 24 show sequential samples and their corre-
sponding histograms captured when the user was interacting
with the device, causing motion dynamics of the portable
device that are independent of the platform motion dynam-
ics. As may be seen, the relative differences in the histo-
grams are greater than in the scenarios when the user was not
interacting with the device. The corresponding time stamps
in the above figures reflect time periods of one or two second
or a combination were used. As above, other time periods
may be used as desired. Notably, different time periods may
be employed by changing the sample rate but in other
embodiments, one or more intermediate samples may be
discarded before comparing consecutive frames or sequen-
tial samples.

Yet another frame related parameter that may be used
when identifying independent motion dynamics of portable
device 200 is a suitable measure of frame entropy. Particu-
larly, entropy of grayscale image may be considered a
statistical measure of randomness that used to characterize
the texture of the image. One suitable expression of entropy
is represented by Equation (11), M is the number of gray-
scale levels and p, is the probability associated with gray-
scale level k:

E=-%,_6"""p; loga(py) (11

Representative tests were conducted to help illustrate the use
of entropy in identifying motion dynamics of the device that
are independent of the platform. Captured samples were
assessed using Equation (11) and the results are graphically
depicted in FIG. 25, with the top plot showing the calculated
entropy values and the bottom plot showing the difference in
entropy between consecutive frames. This information indi-
cates that consecutive frames with similar contents have
relatively small entropy difference values, but if the con-
secutive frames have a relatively large change in contents as
may occur when portable device 200 is moved due to user
interaction, higher values of the entropy difference may
result. A peak, such as the circled data, is therefore indicative
of independent device movement with the corresponding
images depicted in FIG. 26. As will be appreciated, the
device has undergone a change in orientation that results in
an image in which the contents have been significantly
changed throughout the image.

In addition, or as an alternative, to the use of frame related
parameters, image sensor data may be subjected to an optical
flow analysis when identifying independent motion dynam-
ics for portable device 200. One representative routine is
indicated by the flowchart shown in FIG. 27. Beginning with
700, samples may be obtained from image sensor 222. In
702, one or more preprocessing operations may be used to
facilitate the optical flow analysis. For example, the image
size may be reduced, colored images may be converted to
grayscale, smoothing techniques may be employed to
remove high spatial frequency noise, histogram equalization
may be performed to mitigate changes in luminosity
between frames and/or other suitable operations may be
employed. The availability of one or more objects or fea-
tures as detected by image sensor 222 may be assessed in
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704. If the images are sufficiently feature-rich, the routine
continues to 706 but otherwise returns to 700 to await the
capture of samples having sufficient feature availability. An
optical flow calculation may be performed in 706 to deter-
mine the amount of translation undergone between pairs of
consecutively captured images. The calculated optical flow
information may then be used to provide a decision if the
device movement is due to a vehicle motion or a user
movement in 708. Further details regarding these aspects are
discussed below.

With respect to 702, it may be desirable to increase
processing speed by reducing the pixel resolution of the
captured samples by a suitable factor. For example, an
approximately 90% reduction in image size may still permit
accurate identification of independent motion dynamics
while significantly decreasing the processing load. Other
image size reductions may be employed, such as approxi-
mately 50% or more. Further, image sensor 222 may output
images captured in 24-bit (3-channel RGB color) which may
then be converted to 8-bit (single-channel grayscale), such
as by the following process. Two color sequential samples
may be denoted I,(x,y) and I,_,(x,y) of pixel size N, by N,
within a given sequence where x and y represent the spatlal
coordinates and k represents the temporal coordinate of the
frame. The value at every (x,y) location in I, and is a triplet
whose individual elements indicate the 8-bit integer (0-255)
intensity value of each of the red, green, and blue (RGB)
color channels in the form (r, g, b). The grayscale conversion
may be simplified by representing each image by three
N_xN,x1 arrays. Correspondingly, each array holds the 8-bit
intensity value for one the three RGB color channels. As a
result, the three-channel color image I,(x,y) may be decom-
posed into single-channel (i.e. single-color) arrays r,(x.y),
gi(x.y) and by(x.y).

The single-channel grayscale images obtained from the
split-channel color images r(X,y), g(X,y), and b(x,y) may be
denoted G,(x,y) and G,_,(x,y) as per the Rec. 601 formula
used in the NTSC and PAL television standards according to
Equation (12):

G(x,3)=0.299#;(x,y)+0.587g:(x,3)+0.114b,(x,») (12)

Optionally, the grayscale images G,(x,y) and G,_, (X,y) may
be subjected to further preprocessing to remove noise,
enhance contrast, and the like. Examples of suitable opera-
tions that may be performed include histogram equalization
and smoothing as known to those of skill in the art.

Histogram equalization may be applied to increase image
contrast. As optical flow aims to measure the translation
undergone by regions of brightness in the image, having a
greater distinction between these regions serves to improve
the flow calculation. The process begins with the creation of
the image histogram as described above. The equalization
routine then creates a new image with a “stretched” version
of'the histogram so as to span the full intensity range (0-255)
rather than being clustered tightly around a somewhat cen-
tral value. More intuitively, this serves to convert a pre-
dominantly grey image to one that spans the entire grayscale
palette from black to white.

A given image can be represented as a m, by m_ matrix of
integer pixel intensities ranging from 0 to L-1, with L
representing the number of possible intensity values, often
256. A normalized histogram p of the captured sample may
be calculated according to Equation (13):

number of pixels with intensity n (13)

Pn = total number of pixels

n=0,1,... ,L-1
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Correspondingly, the histogram equalized image g may be
defined as indicated in Equation (14), wherein the floor
function rounds the number down to the nearest integer:

Afloor(L-1)Z,_¢"p,) 14

This may be considered the equivalent of transforming the
pixel intensities, k, of the image according to Equation (15):

(15)

It will be appreciated that a consequence of increasing
contrast via histogram equalization is that noise may be
increased as well, effectively lowering the signal to noise
ratio in the image. This noise is generally of a high spatial
frequency and may be removed by suitable low-pass filter-
ing or smoothing the image. In one embodiment, image
smoothing may be performed using two-dimensional con-
volution. Convolution is an operation on two functions f and
g, which produces a third function that can be interpreted as
a modified (“filtered”) version of f. In the case of image
smoothing, function f denotes the image and function g
denotes the “smoothing kernel.” The result of the convolu-
tion is a smoothed copy of the image f. Formally, for
functions f(x) and g(x) of a continuous variable x, convo-
Iution may be defined as in Equation (16), where * repre-
sents the convolution:

S g o Fm)g(x-T)dx (16)

This may also be defined as Equation (17) for a discrete
variable x:

FI*glx] =2 o " FIKIglx—k]

In turn, these equations may be expressed as Equations (18)
and (19), respectively, for functions of two variables x and

y (e.g. images):
S @) o TSy T (=T y-T,) T,

T(H=floor(L~1)%,',,)

a7

(18)

f[x,y]*g[x,y]:2,{1:,00(”2,{2:,00wf[kl,kz]g[x—kl,y—kz] 19

Different types of smoothing schemes exist (homogenous,
Gaussian, median, bilateral, etc.) where each may be suited
for noise of a particular distribution. In the case of homog-
enous smoothing, averaging the two neighboring pixels in
each direction may be performed using the 5x5 convolution
kernel K as indicated in Equation (20):

20

Sl -
— — - - =
e e e e
e e e e
e e e e
e e e e

Assuming that the image noise may exhibit a Gaussian
distribution and Gaussian smoothing may be applied, the
appropriate kernel to be used may be found using the 2D
Gaussian function represented by Equation (21), where x
and y are the distances from the origin in the horizontal and
vertical axes, respectively, and o is the standard deviation of
the Gaussian distribution:

@D

Glry)=5

By using the Gaussian function to build a 5x5 smoothing
kernel with 0=1, Equation (22) may be generated, such that
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the smoothed image is given by the convolution of the
grayscale image with the smoothing kernel:

1 4 7 4
4 16 26 16
—_|7 26 41 26
4 16 26 16
1 4 7 4

22

it S e I

Next, with regard to 604, availability may be considered
a measure of the homogeneity of an image (i.e. a measure of
how feature-rich an image is) and is based on the derivative,
or gradient, of the image. It is desirable to ensure that the
captured images have sufficient features to be used for
subsequent operations performed by motion characterization
module 220. The first spatial derivative of an image may be
obtained by convolving the image with a filter such as the
Sobel filter and aggregating the result across the image. For
example, a Sobel filter operation employs two 3x3 kernels
which are convolved with the original image to calculate
approximations of the horizontal and vertical derivatives. By
denoting f as the source image, the horizontal and vertical
approximations G, and G, are given in Equation (23),
wherein ‘*’ denotes a 2-dimensional convolution operation
corresponding to image smoothing as discussed above:

-1 01
-2 0 2
-1 01

-1 21
0 00
-1 21

@23

G, = #f. G, = «f

The resulting gradient approximations in each direction
can be combined to give the overall gradient magnitude G
according to Equation (24):

GVG5G, 24)

In turn, the gradient magnitudes may be aggregated as D
across the entire image, as indicated by Equation (25):

D=3, M5, 1 Gliy) 25)

Normalizing the aggregated derivative value D by dividing
by the maximum intensity change between pixels (i.e.
0-255) in the entire image yields D, according to Equa-
tion (26):

norm

D
(Nx % N,) %255

Dy = (26)

As will be appreciated, a small normalized aggregated
derivative value, D,,,,, implies high homogeneity and a
lack of features that can be used for the subsequent process-
ing operations while a high derivative value implies greater
variation with the image. For example, large intensity fluc-
tuations are indicative of objects being within the field of
view. In one aspect, the presence of multiple objects allows
for a more reliable optical flow analysis and correspond-
ingly, a more accurate identification of independent motion
dynamics of portable device 200.

Turning now to 608, the (optionally) smoothed grayscale
images may be supplied as arguments to a suitable optical
flow calculation routine, along with along with other algo-
rithm-specific parameters including decomposition scale,
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number of levels, iterations, and the like. A flow map F may
result from the optical flow calculation based on the bright-
ness constancy constraint by assuming that changes in pixel
intensities are only due to small translational motions in the
time interval between images. In one aspect, brightness
constancy is the assumption that a pixel at location (X, y, t)
with intensity I(x, y, t) will have moved by Ax and Ay in the
time interval between images At as given by Equation (27):

I(x,y,0)=I(x+Ax,y+Ay,t+Al) 27)

When the translational movement is relatively small, the
brightness constancy equation may be expanded using a
Taylor series, as given by the first-order approximation
represented by Equation (28):

BA 131A
3 v+ 5 A

al (28)
Ix+Ax, y+ Ay, 1+ A =1(x, y, D)+ an+

Correspondingly, Equation (30) follows from Equation (29):

131A 131A 131A 0
P x+5 v+ o Ar=

(B0

Further, dividing each term by the time interval At leads to
Equation (31):

al Ax
dx Ar

al Ay
dy Ar

arar 31

o Ar

Equation (31) then results in Equation (32), where u, and u,
are the x and y components of the velocity and referred to
as the optical flow,

aI
dx an

al
dy

are the spatial derivatives of the image intensities and

aI
ar

is the temporal derivative:

al

al al
Bxu

+—u, +— =
A I P

(B2

Since this is an equation in two unknowns, it may not be
solved readily without another set of equations, a condition
known as the “aperture problem.” In one embodiment, a
tensor-based Farnebeck method using polynomial expansion
may be employed to approximate the neighborhood of each
pixel in each frame using second-degree polynomials and in
turn estimate displacement from a knowledge of how these
polynomials change under translation. For example, poly-
nomial expansion is to approximate the area surrounding
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each pixel with a quadratic polynomial f, as denoted in
Equation (33), where A is a symmetric matrix, b a vector and
c a scalar:

F @)= xo+b Tove, (33)

The three coefficients may be estimated from a weighted
least squares fit to the intensity values in a defined area. The
weighting has two components called certainty and appli-
cability that determine which regions of the image are
involved in the calculation and the size of the structures that
will be represented by the expansion coefficients, respec-
tively. Since the premise of polynomial expansion is to
approximate areas surrounding the pixels by a polynomial,
letting f, undergo an ideal global displacement d results in
a calculation for f, as indicated by Equation (34):

L&) = filx—d) (B4

=-d A G-+ (x—d)+c
=xTAx+ (b =24, d)x+dTAd - bl d + ¢,

=xTArx+ b;x +cy

By equating the coefficients of f; and f,, such that A,=A,,
b,=b,-2A,d and c,=d”A d-b, d+c,, Equation (34) may be
rearranged for b, and solved for the translation d as indicated
by Equation (35):

d=-Y4,"Y(b,-b,) (35)

Accordingly, the output of the optical flow routine is the
flow map F,(X, y) where each element is a tuple indicating
an estimate of the translational motion (dx, dy) undergone
by the intensity value at location (X, y) between images G,
and G,_,. The dual-channel flow map F may be split into two
single-channel matrices dx,(x, y) and dy,(x, y). All x- and
y-components of the flow map clements may then be
summed to provide the aggregate translation, dx,, , and
dY pe o between images G, and G;_,, respectively given by

Equations (36) and (37):
Braggi=Zimd ™ i g ali] (36)
dyagg,kZEjZONy 712i:0NX71dyagg,k[i1j] (37)

Yet another technique for employing image sensor data
when identifying independent motion dynamics for portable
device 200 may be based on region matching using area
correlation differentiate the movement of the device that is
separate from movement of the platform. Different regions
may be classified based on their statistical similarity in each
sequential sample. For each region in two consecutive
frames, an area correlation function may be calculated. This
area correlation energy function may be used to detect the
similarity among the regions. A weighted sum of the corre-
lation function in all the mismatched regions and their
location may be used to classify movements of the image
sensor into different types such as pan, tilt, zoom, etc., which
indicate motion that is independent of the platform. This
method has been tested on different sequences of image
samples and found effective. Alternatively, such region
matching strategies may be used as a pre-classifier used in
addition to other identification techniques of this disclosure
to reduce false detections.

Image sensor data may also be used when identifying
independent motion dynamics for portable device 200 may
be comparing the contents of sequential samples. Edge
Change Rate (ECR) refers to a technique used to detect and
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distinguish between hard and soft cuts in consecutive
frames. ECR attempts to compare the actual content of two
frames by transforming the images to edge pictures. An edge
picture extracts the probable outlines of objects within the
picture, and then compares these edge pictures using dilation
to compute a probability that the second frame contains the
same objects as the first frame. Similarities and differences
between images may be assessed in a similar manner to the
other techniques discussed above.

Image sensor data may also be subjected to statistical
analysis when identifying independent motion dynamics for
portable device 200. For example, such techniques may be
used to detect the abrupt and gradual transitions in a video
frames. Different statistical metrics may be applied to
sequential samples and their response to a scene change
recorded. Suitable metrics include inner product, template
matching, and chi-square.

In another aspect, a frequency domain analysis may be
applied to the image sensor data when identifying indepen-
dent motion dynamics for portable device 200 by decom-
posing the images into discrete frequency bins. For example,
a Fourier transform of an image may represent how the
image changes, in that the change may be gradual, sharp, or
not present. The transformation converts the image into a
domain where the image can be represented completely on
discrete components. Any change in the frequency is a
characteristic of change in the image spatial distribution or
image geometry. Features such as edges reflect high fre-
quency components while smooth regions have low fre-
quency components. The different features of an image that
might be extracted from the frequency domain could help in
the distinguish between the source of the device movement
and separate motion dynamics of the platform from motion
dynamics of portable device 200.

A multi-resolution analysis employing wavelet represents
another suitable technique for identifying independent
motion dynamics for portable device 200 using image sensor
data. Each frame may be represented in the feature space
obtained by considering color, shape, or texture where the
wavelet technique is applied to the sequential image samples
in this representation space. The wavelet multi-resolutions
analysis correspondingly may be used to detect scene
changes. The correlation among adjacent frames may be
described by statistical features related by the wavelet
coeflicients. For example, the magnitudes of high-frequency
coeflicients and the difference of magnitudes for low-fre-
quency coeflicients may be used to detect the movement of
the device that is independent of the platform.

As noted with regard to FIG. 12, multiple portable devices
may be associated with the user and each may have one or
more image sensors that may provide useful information
when identifying independent motion dynamics for one of
the devices, such as auxiliary portable device 230 in con-
junction with portable device 200. Pursuant to the discussion
above, image sensor samples from different devices may be
synchronized using a reference time tag such as GPS-Time
tag. The synchronized samples may then be compared to
measure rates of change in their image content. It may be
expected that if a user interacts with one of the devices
causing movement, then the change rate of the frame con-
tents will be different than the rate in the device with which
the user is not interacting. Consequently, the change in the
device motion dynamics may be recognized as being due to
user interaction or platform movement by checking the
synchronized frames from the different devices cameras.
When all devices have the same change rate at the same
time, motion experienced by the devices may be expected to
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be due to vehicle motion as opposed to a situation in which
different change rates are detected, which may indicate user
interaction as discussed above.

As discussed above, portable device 200 may have addi-
tional sensors, such as external sensor 214, auxiliary sensor
216 or others that may be used to obtain supplemental sensor
data. In some embodiments, one or more of these sensors
may be an ambient light or optical proximity sensor. For
example, smartphones and similar devices are now com-
monly provided with sensors having this functionality.
Ambient light and proximity sensors may be used to detect
changes in the surrounding area close to the device. Prox-
imity sensors are used to detect nearby objects and conven-
tionally are used to determine when a device is held close to
the user’s face, but generally detects all objects within range
and boundary. On the other hand, a light sensor may detect
and be used to adjust screen brightness or other device
parameters. When a user is not interacting with portable
device 200, it may be expected that relatively few or no
changes may occur in such sensors, but user interactions
with the device may be expected to result in more changes
in the sensor signal. Correspondingly, such differentiation
may be used alone when identifying independent motion
dynamics or may be used to confirm or reject such a
determination made using one or more other techniques.

Following identification of device motion dynamics that
are independent of platform motion dynamics, such as
represented by 104 of FIG. 1, it may be desirable to separate
the motion sensor data corresponding to motion of the
platform and motion sensor data corresponding to the iden-
tified independent motion of the portable device from the
obtained motion sensor data. When no independent dynam-
ics are identified, all motion measured by the motion sensor
may be expected to correspond to motion of the platform.
However, the existence of independent device motion
dynamics indicates that some portion of the motion sensor
data reflects motion of the platform, while the remainder is
due to user interaction. As such, any suitable technique may
be used to determine the change in the device orientation and
other dynamics and thereby separate them from the vehicle
dynamics as indicated by 110 in FIG. 1. Different
approaches may be used to achieve the separation, including
time domain based and frequency domain based techniques.
As an illustration, wavelet analysis is representative of time
domain based methods while fast Fourier transformation is
representative of frequency domain based methods. Further,
the following materials describe how motion sensor data,
image sensor data or a combination of both may be used
when segregating vehicle motion from independent device
motion.

When employing motion sensor data to distinguish
between motion sensor data corresponding to motion of the
platform and motion sensor data corresponding to the iden-
tified independent motion of the portable device, one or
more methods for separating the motion dynamics may be
applied to extract the different dynamics parameters for the
vehicle and the device. By providing information about the
platform motion dynamics, device motion dynamics, as well
as other parameters and features, the motion sensor data may
be separated. In one aspect, a transition between whether
identified independent motion exists may be used to com-
pare states when the only motion corresponds to motion of
the platform and when the motion corresponds both to
platform motion and independent device motion. Particu-
larly, a period when there is no independent device motion
may be used as a reference to help distinguish independent
device motion during other periods. For example, any suit-
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able platform parameters may be characterized when there is
no independent device motion.

To help illustrate these aspects, representative tests were
performed to collect motion sensor data during periods when
there was no platform or device movement, when there was
platform movement but no independent device movement,
and when there was platform movement as well as indepen-
dent device movement. The results are graphically repre-
sented in FIG. 28, the top graph showing vertical acceler-
ometer measurements, the middle graph showing vertical
gyroscope measurements, and the bottom graph showing
device orientation, as expressed by roll and pitch, all plotted
against the same time axis. As indicated, different zones may
be identified corresponding to the combinations of device
and platform movement, with Zone A representing that both
the vehicle and the device were not moving, Zone B
representing that the vehicle was moving, while the device
was in a tethered condition and therefore not exhibiting
independent motion, and Zone C representing that in addi-
tion to movement of the vehicle, the user was interacting
with the device and causing movement independent of the
vehicle.

As desired, the separation process may be performed on
the raw input data, the leveled data, or estimated component
values. Performing the separation process on the raw data or
on leveled data such as accelerometer and gyroscope data
will provide separate data for the vehicle and the device. The
vehicle data, whether it is raw or leveled, may be used to
calculate the navigation components to evaluate the opera-
tor’s performance. On the other hand, performing the sepa-
ration process on a derived navigation component, including
values such as heading or velocity, may be used to provide
separate components for both vehicle and device. Some
separation methods can output all the values for each source
of motion while some may output part of the values for each
source of motion. Exemplary techniques for separating the
different dynamics of the vehicle and the device are
described below, with some common symbols and termi-
nology. Notably, the p subscript denotes a quantity corre-
sponding to the platform and the d subscript denotes a

quantity corresponding to portable device 200, with X:[a)C
a, a_]” representing the total accelerometer readings and

being equal to the sum of Zp:[apxapyapz] T, the portion
corresponding to platform motion and Xd, the portion cor-

—
responding to independent device motion, and with w=[w,
o, o_]7 representing the total gyroscope readings and being

—
equal to the sum of w,=[w, ®, o, 1%, the portion corre-
. Pp, Yp,
—

sponding to platform motion, and ® 4 the portion corre-
sponding to independent device motion.

In one aspect, a wavelet algorithm may be used to
separate between the user dynamics and the vehicle dynam-
ics. Wavelet Transform (WT) analyses the signal at different
frequencies with different resolutions. WT may be applied to
extract the time-frequency information from the provided
signal. WT is a linear transformation that separates data into
different frequency components, and then studies each com-
ponent with a resolution matched to its scale. The Discrete
Wavelet Transform (DWT) is used as signal measurements
and processing may be done in discrete-time. DWT of a
signal, u[n], may be expressed mathematically as Equation
(38), wherein 1 is the chosen wavelet function, u is the
signal, which may be the linear acceleration or angular
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rotation along any of the 3 orthogonal axes, (a,, a,, a,) or
(w,, w,, w,), L is the dilation index, and 2% is the scale, and
n is the epoch number:

(38)

DWT(w) 1 [n] = Kly(2 7"k = n)

S

Smaller values of dilation index L, allow analysis of rapidly
changing details while larger values of L. allow analysis of
slowly changing features. Therefore, the vehicle component
of a signal may be extracted by choosing a relatively large
dilation index, or summing over several relatively large
dilation indices. The device component may be extracted
from the total signal by choosing a relatively small dilation
index, or summing over several relatively small dilation
indices. The different approaches are represented by Equa-
tions (39) and (40), respectively, where A, A, A,, and A,
are scale factor values chosen such that A <A, <A,<A;:

L=A3 39

Z = > ulklp@ k=)

I=A, K

L=A 40)
= Z KW@tk —n)

l;AO K

Further, wavelet packet analysis may also be employed,
which is an extension to DWT. Wavelet packet transform
(WPT) analysis may be employed in signal recognition and
characteristic extraction. Wavelet packet analysis is a suc-
cessful technique in signal recognition and characteristic
extraction. Due to its adaptivity, the WPT is suitable for
nonstationary signal analysis and representation. The WPT’s
decomposition comprises the entire family of the sub-band
tree, partitioning the frequency axis not only toward the low
frequency but also toward the high frequency. Due to this
fact, WPT is a generalization of the structure of the wavelet
transform to a full decomposition. The WPT may be con-
sidered as an expansion of the DWT whereby the approxi-
mation and detail coefficients are decomposed. Thus, WPT
can help extracting more valuable features from the signal
based on approximations and details at different levels of
decomposition.

WPT uses a pair of low pass and high pass filters to split
a signal into roughly a low frequency and a high frequency
component. In general, wavelet packet decomposition
divides the frequency space into various parts and allows
better frequency localization of signals. An analysis tech-
nique using WPT may help distinguish between the motion
dynamics of the device and the motion dynamics of the
platform by extracting the various individual signals from a
mixture of signals. Corresponding, extracting the different
frequencies may be used when defining the motion dynam-
ics of the device due to user interaction.

One suitable architecture for implementing a WPT analy-
sis for extracting the vehicle dynamics and the independent
device dynamics when a user interacts with portable device
200 in a moving platform is schematically illustrated in FIG.
29. Since the WPT divides the frequency axis not only
toward the low frequency but also toward the high fre-
quency, its decomposition comprises the entire family of the
sub-band tree. Accordingly, different frequency resolutions
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may be chosen to match the characteristic of the sensor data.
In addition to the WPT analysis, a suitable Independent
Component Analysis (ICA) algorithm may be used to help
in extracting the different information from the received
data. As an example, the WPT analysis may be applied to the
data to get the necessary coefficients, while an ICA algo-
rithm may be applied to the coefficients to obtain separated
coeflicients. Finally, the inverse wavelet transform (IWT)
may be applied to obtain an estimate for the different
dynamics to separate the motion sensor data into motion
sensor data corresponding to motion of the platform and
motion sensor data corresponding to the identified indepen-
dent motion of the portable device.

In another aspect, Blind Source Separation (BSS) tech-
niques allow the separation of a set of mixed signals without
the aid of information about the nature of the signals. The
available observations are processed in such a way that the
different signals are extracted. ICA is a basic technique for
BSS and presents a signal processing strategy that aims to
state a set of random variables as linear combinations of
statistically independent component variables. Interesting
information on signals can be revealed by ICA by providing
access to its independent components. For example, the ICA
based BSS problem retrieves unknown source signals by
making a simple assumption of n independent signals
denoted as s(t)=s,(t) . . ., s,(t) and observed mixture of
signals denoted as x(t)=x,(1) . . . , X,,(t), assuming the mixture
of signals as linear and instantaneous, Equation (41) may
represent the mix, given that A is the unknown mixing
matrix and t denotes time instance:

x(H)=A4s(t) (41)

It will be appreciated that source signal s(t) and the proce-
dure responsible for transformation of the source signal into
mixed signal are both unknown, reflecting reflects the
“Blindness” property of the problem. If the mixing matrix A
is invertible i.e. number of sources N is less than or equal to
the number of sensors P (N<P) then the source can be
separated directly and output y(t) can be expressed as
Equation (42), where B is a separating matrix or inverse of
mixing matrix A such that B=A"":

W(O=Bx(f)=BAs () (42)

Many BSS techniques are based on statistical measures,
such as variance in Principle Component Analysis (PCA)
and a measure of non-Gaussian characteristics in ICA. PCA
utilizes the variance to separate independent Gaussian
sources along orthogonal axes, whereas ICA uses higher-
order statistics to separate non-Gaussian independent
sources.

When portable device 200 is present in a moving vehicle,
the source signal is acceleration or angular rotation of either
the vehicle or the device, while the mixture signal is a
measurement from one of the signals (gyroscope, acceler-
ometer, barometer, or magnetometer). There is only one
sensor measuring each quantity directly, but at the same time
there are two signal sources for each quantity (device and
vehicle). Therefore, the BSS technique may be used to
provide measurement quantities which can be measured
directly by one sensor and indirectly by another sensor, or
indirectly by two different sensors. Two examples of such
quantities are vertical acceleration, a,, and angular rotation
around the vertical axis, w,. Vertical acceleration can be
deduced directly using the levelled vertical accelerometer,

Rb , and by double differentiation of the height
measured by the barometer, X,=h, to separate into s,=a,
and s,= ag, . Further, angular rotation around the vertical axis
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can be deduced directly using the levelled vertical gyro-
scope, xlzwup:Rqu)Z, and indirectly by differentiation of the
levelled magnetometer heading, x,=R,’M,, to separate into
8=, and s,=m d where R, is the matrix of rotation from
the sensor frame to the local-level frame.

Separating the independent device dynamics from the
vehicle dynamics using motion sensor data may also include
performing a frequency domain analysis. The frequency
domain analysis may include performing a Fast Fourier
Transform (FFT). FFT is an algorithm to compute the
Discrete Fourier transform (DFT) and the inverse (IDFT),
converting time space to frequency space (or wavenumber)
and vice versa. The FFT may be applied over a suitable
window, including a data length of two seconds at the
sensors data rate (X). As such, the k™ discrete Fourier
transform component with FFT (Y) of N points may be
calculated as indicated by Equation (43):

. J2k 1) ) N 43)
N )whereOsksE+1

-

Y = (X(D*e

i

Correspondingly, frequency domain analysis may be
employed to find the different major operating frequencies
for the motion sensor data.

Fourier Linear Combiner (FLC) algorithm may be used to
model the input signal if the frequency is known. The
reference signal is generated by a truncated Fourier series
model in which the adaptive filter weights are the Fourier
coeflicients. Weighted Frequency Fourier Linear Combiner
(WFLC) forms a dynamic truncated Fourier series model of
the input signal. The created model by the WFLC can adapt
to the model frequency as well as the Fourier coefficients. In
this case, the fundamental frequency in the Fourier repre-
sentation may be replaced by a set of adaptive frequency
weights. WFLC may be considered an extension to the FL.C,
in order to adapt to the input signal of unknown frequencies
and amplitude. The reference input vector to WFLC,
?,(:[x1 RN szk]T may be expressed by Equation (44),
where M is the number of harmonics used, k=1, 2, . ..
represents time-index, and T is a sampling period:

44

k
sin[rTZwot] r=1,2,... .M
t=0
Xy, =

k k
cos[(r—M)TZwot] r=M+1,... ,2M
t=0

As in FLC, the weight vector may be updated using the Least
Mean Square (LMS) algorithm, as expressed in Equations

(45) and (46), where WkT:[Wlk <+« Wy, 17 is the coeflicient
or weight vector of the reference input, the input to algo-
rithm y, contains the desired periodic or quasi-periodic
signal which is to be modelled or estimated, s, and other
undesired components such as noise and low-frequency
signals, and 1 is the adaptive gain parameter:

sk:)’k—;l;kT'?k 45)

wlﬂl :Wk+2ll¥ksk (46)

The frequency, w,, which may be used in the reference
input vector, may be estimated by a modified LMS as
indicated by Equation (47), where 1, is an adaptive gain
parameter:

_ M;
Wy T Wo, 20626 T (Wi Xagis,~ War i) 47
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Further, an estimation of the desired periodic or quasi-
periodic signal in the input can be calculated using Equation
(48):

P
S Wi Xk

(48)

Notably, a good estimation may be achieved only when
magnitudes of other undesired signal components in y, are
not too large as compared to the magnitude of s,.

The WFLC algorithm can estimate desired periodic sig-
nals from a mixture of desired periodic signals and unde-
sired signals without altering the phase and magnitude of the
desired periodic signal. Therefore, the WFLC algorithm can
be used to distinguish the vehicle dynamics from the inde-
pendent device dynamics. In implementing this technique,
v, can be set to any of the measured quantities of net linear
acceleration or angular rotation. Further, §, may be the
estimated vehicle component of the measured or deduced
quantity. Also, e, may be the estimated device component of
the measured or deduced quantity.

-

In another aspect, angular rotation, , may be separated
—

into the vehicle component, w ,, and the independent device

motion component, E) 4 recognizing that this does not
separate accelerometer data. The proposed technique works
with the assumption that the device is being moved while the
vehicle is moving in a straight direction and not making
turns. Here, if the radius of rotation is calculated to be less
than the threshold as described above, it may be expected
that any rotation is due to the user interaction with portable
device 200 and that the vehicle rotation component is
negligible as indicated by Equation (49), and conversely, if
the radius of rotation is greater than the threshold, Equation
(50) may be employed to separate the gyroscope data:

. 0
o

if R <Ry, 49)

else
if R< Rrn (50)

else

Another example of a suitable technique for separating
the motion dynamics to distinguish between motion sensor
data corresponding to motion of the platform and motion
sensor data corresponding to the identified independent
motion of the portable device may employ a source of
absolute navigational information, such as from absolute
navigational information module 224. For example, the
GNSS data from the portable device during a detected
driving event may provide navigation components for head-
ing, position, and velocity. The estimated heading compo-
nent based on the GNSS data refers to the vehicle direction
and is considered as the vehicle heading. The provided
velocity and position form the GNSS correspond to the
vehicle velocity/speed and position. The different navigation
components which describe the vehicle dynamics may then
be used to evaluate the operator performance.

As will be appreciated, separating the vehicle and inde-
pendent device dynamics may be performed using any of the
above techniques as well as other suitable strategies. When
more than one techniques is employed, a combination of the
results may be established using a voting procedure. As
desired, voting may be employed to choose which technique
is more consistent relative to other techniques in providing
an accurate separation of the dynamics.
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Further, as discussed with reference to FIG. 12, multiple
devices having capabilities consistent with portable device
200 may be associated with the user. As such, separation of
the vehicle motion dynamics from the independent device
motion dynamics may leverage information from any avail-
able source of motion sensor data. As noted, a global time
reference such as GPS time may be used for synchronizing
sensor measurements between devices, by any suitable
source of reference time may be used. Once the data is
adjusted in time, the relative change in dynamics between
the different devices may be estimated. For example, the
most fixed device measurements may be used to estimate the
reference dynamics. Also, the dynamics of the moving
device may be estimated based on its measurements. The
difference between the two dynamics may indicate the
independent device dynamics which resulted from user
interaction.

To help illustrate these aspect, various representative
scenarios may apply when two or more synchronized
devices are contained within the platform. In one example,
at least one device may be measuring motion only due to the
vehicle, when that device is fixed to a cradle, in a tight
pocket or bag, or other relatively tethered condition while
other device(s) may be moving occasionally. In this sce-
nario, the device representing only the vehicle motion may
be used as a reference when comparing to a moving device
to extract the independent device dynamics. In another
example, each device may be moved occasionally, but a
period may exist when at least one of them represents only
the vehicle motion. Again, detection of which device is
experiencing motion only due to the platform may establish
the reference which may be used to extract the relevant
motion sensor data from the other device(s). As opposed to
the first scenario in which one device is never moved
independent during collection of the motion sensor data, all
devices may experience movement due to user interaction,
but at least one period exists when one represents only
motion of the platform. In yet another example, one of the
devices may be partially constrained by a loose pocket or
other container. In this condition, the device may experience
some independent movement, but this movement may cor-
respond to vibration or some other repeatable relatively
small movement. As such, the pattern of repeated movement
may be estimated and eliminated from the signal to obtain a
suitable reference for use as described above.

As with motion sensor data, image sensor data may also
be used together or alone in the separation of the vehicle
motion dynamics from the independent device motion
dynamics. Following the above discussion, the sensors of
portable device 200 measure the overall dynamics of both
device and vehicle. When the device is fixed, the measured
dynamics correspond only to the platform movement. How-
ever, the measured dynamics include independent device
motion dynamics and vehicle motion dynamics if the device
is moved within the platform, such as by user interaction. As
described in the following materials, image sensor data may
be used to separate motion sensor data corresponding to
motion of the platform and motion sensor data correspond-
ing to the identified independent motion of the portable
device from the obtained motion sensor data.

The materials above describe the use of an optical flow
analysis of sequential sample from image sensor 222 when
identifying independent motion dynamics of portable
device. Additionally or alternatively, optical flow analysis
may be employed when separating the motion sensor data.
Notably, the optical flow analysis may be used to estimate
the device speed due to independent movement by the user.
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An appropriate optical flow technique may use images,
including a sequence of images from the same source such
as a device with one camera as well as images or a sequence
of images from multiple image sensors integrated into a
single device and further the captured images or sequence of
images may be obtained from synchronized image sources,
such as multiple portable devices as depicted in FIG. 12.

Pursuant to the above discussion, the optical flow analysis
may be used to estimate the speed of portable device from
the aggregated pixel translation. Estimating the speed may
include deriving a scale factor from a distance to a feature
identified in the samples. The distance to the feature may be
determined using an inclination angle of the portable device.
Alternatively, distance to the feature may be determined
from a ratio of periodic displacement of the device to
corresponding displacement of a feature identified in the
samples.

For example, the optical flow technique may analyze the
captured sequential samples to estimate the speed of the
device. The flow map F may be used to estimate the 2D
velocity by splitting F into a square grid and obtaining the
averaged overall movement in each cell divided by the
frame rate. A scale factor may be used to translate the pixel
translations into real-world velocities. Different techniques
may be used to estimate distance to detected objects within
the images to derive the scale factor depending on the
context of the device. With suitable normalization, a scalar
speed of the moved device may be determined from the
samples. The estimated speed using samples from image
sensor is used to identify the speed of the device vs the speed
of'the vehicle. The captured images from the device cameras
are tested for sufficient information existence or feature
availability as noted above. Then, the optical flow is calcu-
lated, with the culmination represented by Equations (36)
and (37). To estimate the horizontal distance D between the
device and a corresponding center point in the image, an
inclination angle o of portable device 200 and the average
vertical distance L between the device and the ground may
be used as indicated by Equation (51):

D=L -tan(a) (51)

Using the aggregate translation dx ., , and dy, ,, obtained
from Equations (36) and (37) between images G, and G,_;,
the x-components and y-components of the aggregate image
translation may be divided by the time interval between
images At to give the relative velocity in units of pixels per
unit time (e.g. pixels per second) as indicated by Equations
(52) and (53), respectively:

dx,, 52
Vipeth = —Ag[g'k e

Dage k (53)
VWrelk = TAr

An appropriate scale factor ¢ may be used to translate the
velocity from units of pixels per unit time to the desired units
(e.g. meters per second) to obtain the absolute velocity
according to Equations (54) and (55), respectively.

(54

— K,
VI ZCM, g

VI Ve (5

Correspondingly, the speed of portable device 200 may then
be calculated using Equation (56):

Speeddeivec:\/"xkz*"’)’kz (56)
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The scale factor ¢ may be derived from the pixel pitch of the
image sensors and the distance to a reference object deter-
mined as described above. Setting p as the pixel pitch of the
image sensor, f as the effective focal length of the device
camera, d as the size of the object in the real-world, r as the
real-world range/depth to the object and a as the angular size
of the object as viewed from the camera results in the
relationship indicated by Equation (57):

d 57
-

Another technique for separating the obtained motion
sensor data into motion sensor data corresponding to motion
of the platform and motion sensor data corresponding to the
identified independent motion of the portable device may be
based, at least in part, on supplemental sensor data including
depth measurement. For example, depth may be measured
using ranging sensors, which may be implemented as exter-
nal sensor 214 or auxiliary sensor 216 depending on the
embodiment. Ranging sensors include sensors that require
no physical contact with the object being distance measured.
Several optical ranging sensors are suitable for distance
measuring, including visible or Infrared Light-Based sensors
and light detecting and ranging (LIDAR) sensors. Other
sensors such as ultrasonic and radar are examples for
non-optical ranging sensors. Ranging sensors can detect a
one, two, or three dimensional ranges.

Notably, visible or infrared light-based systems project a
pulse of radiation and analyze the received reflection. Light-
based ranging sensors use multiple methods for detecting
obstacles and determining range. The simplest method uses
the intensity of the reflected light from an obstacle to
estimate distance. A more common method is to use a beam
of light projected at an angle and a strip of detectors spaced
away from the emitter in a triangulation strategy. LIDAR
may refer to a more advanced method to detect range which
uses a laser that is swept across the sensor’s field of view.
The reflected laser light is usually analyzed one of two ways.
Units with longer ranges sometimes actually determine
distance by measuring the time it takes for the laser pulse to
return to the sensor. Ranging IR sensors typically output the
actual distance of an object from the sensor through a
process of triangulation in which a pulse of light is emitted
and then reflected back (or not reflected at all). When the
light returns it comes back, its measured angle is dependent
on the distance of the reflecting object. Triangulation works
by detecting this reflected beam angle and employing known
trigonometric relationships to determine distance. Further,
non-optical sensors such as ultrasonic sensors may also be
used to estimate the range of an object from the device.
Ultrasonic sensors use sound pulses to measure distance by
emitting an ultrasonic pulse and timing how long it takes to
receive the echo to provide an accurate estimation of dis-
tance to the reflecting object.

As will be appreciated, any suitable ranging sensor may
be used to estimate the distance between portable device 200
and a surrounding surface. The surrounding surface could be
a part of the vehicle body such as wheel drive, seats, or
dashboard. In other scenarios, the surrounding surface could
be a part of the road if the device is pointing to a part of the
vehicle glass such as window, front, or rear glass, that allows
transmission of the radiation used for detection. The flow
map of the ranging sensor may be estimated to evaluate the
quality of the collected information and decide whether it
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can be used to estimate the distance or not. The flow map
may also be used to estimate the relative velocity of the
moving device, using techniques similar to the optical flow
analysis described above.

One or more potential objects may be within the field of
view of the ranging/depth sensor being employed. The time
rate of change of the ranging signal may correspondingly be
calculated for an identified object, while a measurement-
based estimation technique may be used to further reduce
the effect of noise in the ranging readings. As one represen-
tative example, the time rate of change of the measured
range (or depth) R of the i” identified object at time k, may
be denoted

dR;
dr Iy

and calculates from the different range values from the
identified objects numerically by formulas that calculate
discrete derivative. Such numerical formulas may be of any
order in time (i.e. with any memory length in the discrete
domain) to enhance calculation and provide smoother
derivatives. Low pass filtering may also be applied to these
range (or depth) values before using them to calculate the
derivative, as explained earlier; or alternatively any other
de-noising techniques can be used.

The time rate of change of the Range R of the i” identified
object at time k is related to the velocity of the device and
the relative coordinates between the device and the identi-
fied object at time k. This relation is similar to the Doppler
relation with velocity. The derivative of the Range R is
proportional to the velocity projected on the line of sight
between the identified object and the moving device. If one
or more identified objects are visible to the ranging sensor,
then the time rate of change of the range R of each of these
identified objects may be calculated, and a measurement-
based estimation technique (which does not rely on a system
model but rather on measurement only) is used to obtain the
relative device velocity as well as their standard deviations.
Examples of such measurement-based estimation techniques
suitable when practicing the methods of this disclosure are
Maximum Likelihood-based techniques (that maximize the
likelihood of the observation) or Least Squares-based tech-
niques. The availability of measurements from several iden-
tified objects and the use of an estimation technique tackle
and further decrease the effect of the noise in the measure-
ments. The relative device velocity can be used in a similar
manner to the optical flow components or the relative
velocity calculated thereof as explained earlier.

Similarly, both optical flow and distance based techniques
may be used to provide a relative velocity for the moving
device in combination to help provide an absolute estimation
for the moving device. The optical flow technique provides
the relative velocity of portable device 200 when moved as
a result of user interaction and a ranging sensor provides the
depth which is represented by the distance of the device to
the closest objects. A proper transformation for the relative
velocity and depth may then provide an absolute velocity for
the moving device, which in turn allows derivation of speed
from the velocity.

As indicated by FIG. 1, the output of either 108 or 112 is
motion sensor data that reflects motion of the platform.
Analyzing this information may allow evaluation of how the
user is operating the platform, as measured by criteria such
as safety or legality. In some embodiments, the platform is
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a motorized vehicle and the assessment of operator perfor-
mance may be used in when providing insurance for the
operator. Generally, the motion sensor data corresponding to
motion of the platform may be considered the vehicle
dynamics parameters. These parameters may be estimated
using the separated motion sensor data when independent
device motion dynamics are identified or simply by the
motion sensor data when identification indicates there are no
independent device motion dynamics. Correspondingly
information derived from this motion sensor data, including
acceleration, deceleration, and speed, may be employed to
provide analytics of the manner in which the user is oper-
ating the platform. Other important factors are detection of
vehicle swerves, detection of vehicle sideways slide, and
detection of driving on rumble strips. Further, the evaluation
process may assess vehicle motion during turns to assess
how the operator is completing the maneuver and whether
sharply or more gradually. Using these and other analytics,
performance of the operator of the platform may be evalu-
ated.

In one aspect, navigation components may be estimated
from the motion sensor data corresponding to motion of the
vehicle. 3D accelerometer and 3D gyroscope data may be
used to provide a navigation solution for the vehicle motion,
which may involve values such as position, velocity (or
speed) and/or orientation. Other sources of information may
be used, as desired and dependent on availability, such as
absolute navigational information, barometer or pressure
sensor, and/or magnetometer. Using techniques known in
the art, a navigation filter such as a Kalman filter (KF) or
particle filter (PF) may be used to provide the navigation
solution components using corresponding integration algo-
rithms.

The dynamic of the vehicle motion can be described using
a state-space representation. Mechanization equations are
used for this purpose where a system of non-linear first-
order differential equations is used and then kinematic
measurements are used to provide a solution that may
include position, velocity and attitude as noted. The state
vector for inertial mechanization is represented in the local
frame (1-frame) which is also refers to the navigation frame
(n-frame). Gyroscopes and accelerometers measurements
represent the angular velocities and specific forces about and
along the three axes x, y, and z in the body frame (b-frame),
respectively.

As warranted, sensors errors, deterministic and random
involved in the raw measurements may be compensated
before performing the mechanization equations to calculate
the navigation solution. The motion sensor data is measured
in the b-frame and integration of the angular velocities from
the gyroscope data may be used in transforming the motion
sensor data from b-frame to the n-frame. One technique may
involve the use of quaternions, but other methods of trans-
formation may employed. The obtained accelerations and
angular velocities from the transformation are typically
termed “leveled data.” Velocity and position in the naviga-
tion frame may then be obtained by integrating the leveled
accelerations.

The mechanization equations may be performed as a full
mechanization to provide the vehicle velocity, position, and
attitude including heading. Also, mechanization may pro-
vide any sensor errors such as biases values and scale
factors. Alternatively, a partial mechanization may be per-
formed to provide information relevant for analyzing opera-
tor performance, including values such as the vehicle veloc-
ity and heading.
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As an illustration, the following materials describe the
implementation of a KF estimation of the navigation solu-
tion. The dynamic error model used in the navigation filter
for the navigation parameters such as position, velocity, and
attitude can be determined through the linearization of the
sensors mechanization equations and by neglecting insig-
nificant terms in the resultant linear model. A suitable
representation of the measured specific force by accelerom-
eters is given by Equation (58), where f is the specific force
vectors is the acceleration vector, G is the gravitational

acceleration vector and 1 refers to the inertial frame:
F=fi4 G’ (58)

Thus, a simple form of the mechanization equations for the
moving object in the local level frame may be expressed as
first order differential equations as given in Equation (59):

# vt (59)
= | RLfE -0, + Ol + 6!
& RLOY,

Further, the position may be represented using Equation
(60), in which ¢ is the latitude, A is the longitude and h is the
altitude:

ri=(ep,hH) (60)

In light of the above, the velocity vector in the 1-frame can
be expressed as in Equation (61):

V=(Ryrth)h cos(e),(Rarth)p ) (61)

D is a square matrix describing the relationship of the
velocity and position vector in 1-frame according to Equa-
tion (62), where g’ is the gravity vector in the 1-frame and
Q.. is the skew-symmetric matrix of the angular velocity
vector m,,’ as given by Equation (63):

0 1/(Ry+h) 0O (62)
D =|1/(Ry + h)cos(g) 0 0

0 0 0
=G -0, 63)

Next, the Earth rate relative to the inertial space projected in
I-frame may be shown through Equation (64), in which Q_;
is the skew-symmetric matrix of the angular velocity vector
o,/ as indicated by Equation (65) and w,, is the angular
velocity vector of the 1-frame relative to the e-frame:

wh, = [0, w,cos(p), wsin(p)]” 64)
W= [, 2 ) ©
el Ry’ Ry’ RN

Further, Q,,° is the skew-symmetric matrix of the angular
velocity vector o,,” as represented by Equations (66) and
(67), wherein m,,” is the gyro sensed angular velocity vector,
d,,” is the gyro drift vector, w,,” is the corrected angular
velocity vector in body frame, and R,’ is the transformation
matrix from body frame to local level frame as a function of
attitude components:

T (66)

(Dibb:(;)ibb_dibb (67)
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As a result, acceleration may be evaluated using Equation
(68), in which f? is the accelerometer sensed acceleration in
body frame, b” is the accelerometer bias vector, v,,, v, are the
north and east velocity respectively, and R, ,, R, are the radii
of the meridian and prime vertical respectively:

Fo=Fo_p?
Following the above discussion, parameters estimated for
the vehicle motion dynamics may be used when deriving
information used to evaluate operator performance. The
acceleration and deceleration status can be evaluated
directly from the acceleration data from the 3D accelerom-
eter that represent vehicle dynamics (after the separation).
Also, they can be evaluated based on the estimated speed
information. The speed may be calculated based on the
estimated velocity components. Estimating the vehicle
speed or position (by using delta position) with the knowl-
edge about the speed limit in certain area indicates whether
the operator is driving over speed limit or not. Heading
information indicates the vehicle direction and can be used
to detect turns and the rate at which a turning maneuver is
performed. For example, turn information with the speed
information may be used to evaluate whether the operator is
turning slowly, quickly or at an average rate for any given
maneuver.

In addition, heading information may be used to detect
vehicle swerves and sudden lane changes as a change in the
heading with linear acceleration. Sideways sliding may be
detected from heading change and change in the velocity
components. In normal operation when the vehicle is mov-
ing forward on a flat road, the velocity components in both
sideway (lateral) and vertical directions may be expected to
be zero. However, a vehicle sliding sideways generates a
nonzero lateral velocity component value. The combination
of change in the heading and change in the lateral velocity
component may thus be used to indicate sideways sliding.
Further, position components when available may be used to
detect swerving or the sideways sliding by calculating the
change in vehicle position and detect any sudden change in
the position values towards the sideway of the road.

Certain important evaluation parameters include acceler-
ating, decelerating, harsh turns, swerving, and sideways
sliding as per the above discussion. An exemplary assess-
ment technique may use any one or combination of these
parameters, each parameter being assigned a weight propor-
tional to its risk to the vehicle, or to other surrounding
vehicles. Consequently, the operator’s performance may be
evaluated using the detection of any of these evaluation
parameters. During a driving event, a suitable evaluation
algorithm may track the occurrence of each evaluation
parameter, allowing a total evaluation score to be calculated
based on the number of occurrences of each evaluation
parameter multiplied by its weight. This score level then
may be output to indicate operator performance.

(68)

Contemplated Embodiments

The present disclosure describes the body frame to be x
forward, y positive towards right side of the body and z axis
positive downwards. It is contemplated that any body-frame
definition can be used for the application of the method and
apparatus described herein.

It is contemplated that the techniques of this disclosure
can be used with a navigation solution that may optionally
utilize automatic zero velocity periods or static period
detection with its possible updates and inertial sensors bias
recalculations, non-holonomic updates module, advanced
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modeling and/or calibration of inertial sensors errors, deri-
vation of possible measurements updates for them from
GNSS when appropriate, automatic assessment of GNSS
solution quality and detecting degraded performance, auto-
matic switching between loosely and tightly coupled inte-
gration schemes, assessment of each visible GNSS satellite
when in tightly coupled mode, and finally possibly can be
used with a backward smoothing module with any type of
backward smoothing technique and either running in post
mission or in the background on buffered data within the
same mission.

It is further contemplated that techniques of this disclo-
sure can also be used with a navigation solution that is
further programmed to run, in the background, a routine to
simulate artificial outages in the absolute navigational infor-
mation and estimate the parameters of another instance of
the state estimation technique used for the solution in the
present navigation module to optimize the accuracy and the
consistency of the solution. The accuracy and consistency is
assessed by comparing the temporary background solution
during the simulated outages to a reference solution. The
reference solution may be one of the following examples:
the absolute navigational information (e.g. GNSS); the for-
ward integrated navigation solution in the device integrating
the available sensors with the absolute navigational infor-
mation (e.g. GNSS) and possibly with the optional speed or
velocity readings; or a backward smoothed integrated navi-
gation solution integrating the available sensors with the
absolute navigational information (e.g. GNSS) and possibly
with the optional speed or velocity readings. The back-
ground processing can run either on the same processor as
the forward solution processing or on another processor that
can communicate with the first processor and can read the
saved data from a shared location. The outcome of the
background processing solution can benefit the real-time
navigation solution in its future run (i.e. real-time run after
the background routine has finished running), for example,
by having improved values for the parameters of the forward
state estimation technique used for navigation in the present
module.

It is further contemplated that the techniques of this
disclosure can also be used with a navigation solution that is
further integrated with maps (such as street maps, indoor
maps or models, or any other environment map or model in
cases of applications that have such maps or models avail-
able), and a map matching or model matching routine. Map
matching or model matching can further enhance the navi-
gation solution during the absolute navigation information
(such as GNSS) degradation or interruption. In the case of
model matching, a sensor or a group of sensors that acquire
information about the environment can be used such as, for
example, Laser range finders, cameras and vision systems,
or sonar systems. These new systems can be used either as
an extra help to enhance the accuracy of the navigation
solution during the absolute navigation information prob-
lems (degradation or absence), or they can totally replace the
absolute navigation information in some applications.

It is further contemplated that the techniques of this
disclosure can also be used with a navigation solution that,
when working either in a tightly coupled scheme or a hybrid
loosely/tightly coupled option, need not be bound to utilize
pseudorange measurements (which are calculated from the
code not the carrier phase, thus they are called code-based
pseudoranges) and the Doppler measurements (used to get
the pseudorange rates). The carrier phase measurement of
the GNSS receiver can be used as well, for example: (i) as
an alternate way to calculate ranges instead of the code-
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based pseudoranges, or (ii) to enhance the range calculation
by incorporating information from both code-based pseu-
dorange and carrier-phase measurements; such enhancement
is the carrier-smoothed pseudorange.

It is further contemplated that the techniques of this
disclosure can also be used with a navigation solution that
relies on an ultra-tight integration scheme between GNSS
receiver and the other sensors’ readings.

It is further contemplated that the techniques of this
disclosure can also be used with a navigation solution that
uses various wireless communication systems that can also
be used for positioning and navigation either as an additional
aid (which will be more beneficial when GNSS is unavail-
able) or as a substitute for the GNSS information (e.g. for
applications where GNSS is not applicable). Examples of
these wireless communication systems used for positioning
are, such as, those provided by cellular phone towers and
signals, radio signals, digital television signals, WiFi, or
WiMazx. For example, for cellular phone based applications,
an absolute coordinate from cell phone towers and the
ranges between the indoor user and the towers may be
utilized for positioning, whereby the range might be esti-
mated by different methods among which calculating the
time of arrival or the time difference of arrival of the closest
cell phone positioning coordinates. A method known as
Enhanced Observed Time Difference (E-OTD) can be used
to get the known coordinates and range. The standard
deviation for the range measurements may depend upon the
type of oscillator used in the cell phone, and cell tower
timing equipment and the transmission losses. WiFi posi-
tioning can be done in a variety of ways that includes but is
not limited to time of arrival, time difference of arrival,
angles of arrival, received signal strength, and fingerprinting
techniques, among others; all of the methods provide dif-
ferent levels of accuracies. The wireless communication
system used for positioning may use different techniques for
modeling the errors in the ranging, angles, or signal strength
from wireless signals, and may use different multipath
mitigation techniques. All the above mentioned ideas,
among others, are also applicable in a similar manner for
other wireless positioning techniques based on wireless
communications systems.

It is further contemplated that the techniques of this
disclosure can also be used with a navigation solution that
utilizes aiding information from other moving devices. This
aiding information can be used as additional aid (that will be
more beneficial when GNSS is unavailable) or as a substi-
tute for the GNSS information (e.g. for applications where
GNSS based positioning is not applicable). One example of
aiding information from other devices may be relying on
wireless communication systems between different devices.
The underlying idea is that the devices that have better
positioning or navigation solution (for example having
GNSS with good availability and accuracy) can help the
devices with degraded or unavailable GNSS to get an
improved positioning or navigation solution. This help relies
on the well-known position of the aiding device(s) and the
wireless communication system for positioning the
device(s) with degraded or unavailable GNSS. This contem-
plated variant refers to the one or both circumstance(s)
where: (i) the device(s) with degraded or unavailable GNSS
utilize the methods described herein and get aiding from
other devices and communication system, (ii) the aiding
device with GNSS available and thus a good navigation
solution utilize the methods described herein. The wireless
communication system used for positioning may rely on
different communication protocols, and it may rely on
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different methods, such as for example, time of arrival, time
difference of arrival, angles of arrival, and received signal
strength, among others. The wireless communication system
used for positioning may use different techniques for mod-
eling the errors in the ranging and/or angles from wireless
signals, and may use different multipath mitigation tech-
niques.
The embodiments and techniques described above may be
implemented in software as various interconnected func-
tional blocks or distinct software modules. This is not
necessary, however, and there may be cases where these
functional blocks or modules are equivalently aggregated
into a single logic device, program or operation with unclear
boundaries. In any event, the functional blocks and software
modules implementing the embodiments described above,
or features of the interface can be implemented by them-
selves, or in combination with other operations in either
hardware or software, either within the device entirely, or in
conjunction with the device and other processer enabled
devices in communication with the device, such as a server.
Although a few embodiments have been shown and
described, it will be appreciated by those skilled in the art
that various changes and modifications can be made to these
embodiments without changing or departing from their
scope, intent or functionality. The terms and expressions
used in the preceding specification have been used herein as
terms of description and not of limitation, and there is no
intention in the use of such terms and expressions of
excluding equivalents of the features shown and described
or portions thereof, it being recognized that the disclosure is
defined and limited only by the claims that follow.
What is claimed is:
1. A method for characterizing motion of a platform, the
method comprising:
obtaining motion sensor data from a portable device
having a sensor assembly, wherein the portable device
is within the platform and may be tethered or unteth-
ered and wherein mobility of the portable device may
be constrained or unconstrained within the platform;

determining the platform is moving based at least in part
on processing the obtained motion sensor data;

identifying motion dynamics of the portable device that
are independent from motion dynamics of the platform
and the lack thereof when it is determined the platform
is moving;

when independent motion dynamics of the portable

device are identified, separating motion sensor data
corresponding to motion of the platform and motion
sensor data corresponding to the identified independent
motion of the portable device from the obtained motion
sensor data; and

outputting motion sensor data corresponding to motion of

the platform that is independent of motion of the
portable device.

2. The method of claim 1, further comprising processing
the motion sensor data corresponding to motion of the
platform that is independent of motion of the portable device
to derive operator analytics for an operator of the platform.

3. The method of claim 2, further comprising providing a
navigation solution for the platform by using the motion
sensor data corresponding to motion of the platform that is
independent of motion of the portable device, wherein the
operator analytics are based at least in part on the navigation
solution.

4. The method of claim 2, wherein the operator analytics
are based on at least one of acceleration change, heading
change, and speed.
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5. The method of claim 4, wherein the operator analytics
include adjusting for detection of events comprising at least
one of large acceleration, large deceleration, sharp turns, a
vehicle swerve, a vehicle sideways slide and vehicle inter-
action with rumble strips.

6. The method of anyone of claim 4 or 5, further com-
prising scoring operator performance by comparing the
operator analytics to local conditions determined to exist
during operation of the platform.

7. The method of claim 1, wherein processing the motion
sensor data comprises applying a signal analysis technique.

8. The method of claim 7, wherein the signal analysis
technique comprises at least one of: (i) a statistical analysis;
(i) a frequency-domain analysis; and (iii) a time-domain
analysis.

9. The method of claim 1, wherein processing the motion
sensor data comprises applying a machine learning tech-
nique.

10. The method of claim 9, further comprising inputting
features extracted from the processed motion sensor data to
at least one stored classification model to determine whether
the platform is moving.

11. The method of claim 10, wherein the at least one
stored classification model comprises extracted features
developed during a training phase.

12. The method of claim 1, further comprising providing
a source of absolute navigational information, wherein
determining the platform is moving is based at least in part
on absolute navigational information.

13. The method of claim 1, further comprising obtaining
image sensor data from the portable device, wherein deter-
mining the platform is moving comprises processing the
image sensor data.

14. The method of claim 13, wherein processing the
image sensor data comprises comparing similarity between
successive samples.

15. The method of claim 1, wherein identifying motion
dynamics of the portable device that are independent from
motion dynamics of the platform comprises processing the
motion sensor data from the portable device.

16. The method of claim 15, wherein processing the
motion sensor data comprises at least one of:

(1) calculating radius of rotation;

(ii) assessing change in orientation of the portable device;

(iii) determining heading misalignment between the por-

table device and the platform; and

(iv) fusing extracted features from different sensor types.

17. The method of claim 15, further comprising obtaining
motion sensor data from at least one auxiliary portable
device, wherein processing the motion sensor data com-
prises comparing motion sensor data from the portable
device with motion sensor data from the auxiliary portable
device.

18. The method of claim 1, further comprising providing
a source of absolute navigational information, wherein iden-
tifying motion dynamics of the portable device that are
independent from motion dynamics of the platform is based
at least in part on absolute navigational information.

19. The method of claim 15, further comprising obtaining
supplemental sensor data from the portable device, wherein
identifying motion dynamics of the portable device that are
independent from motion dynamics of the platform com-
prises processing the supplemental sensor data.

20. The method of claim 1, further comprising obtaining
image sensor data from the portable device, wherein iden-
tifying motion dynamics of the portable device that are
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independent from motion dynamics of the platform com-
prises processing the image sensor data.

21. The method of claim 20, wherein the image sensor
data comprises a sequence of images and processing the
image sensor data comprises calculating a frame related
parameter.

22. The method of claim 21, wherein the frame related
parameter is derived from at least one of:

(1) a comparison of pixels between sequential images;

(i1) a comparison of histograms of sequential images; and

(ii1) a comparison of frame entropy of sequential images.

23. The method of claim 20, wherein the image sensor
data comprises a sequence of images and processing the
image sensor data comprises performing an optical flow
analysis.

24. The method of claim 20, wherein the image sensor
data comprises a sequence of images and processing the
image sensor data comprises correlating regions between
sequential images using at least one of: (i) edge change rate
detection; (ii) statistical analysis; (iii) frequency domain
analysis; and (iv) multi-resolution analysis.

25. The method of claim 20, further comprising obtaining
image sensor data from at least one auxiliary device,
wherein processing the image sensor data comprises com-
paring image sensor data from the portable device with
image sensor data from the auxiliary device.

26. The method of claim 20, further comprising obtaining
supplemental sensor data from the portable device, wherein
identifying motion dynamics of the portable device that are
independent from motion dynamics of the platform com-
prises processing the supplemental sensor data.

27. The method of claim 1, further comprising obtaining
ranging sensor data from the portable device, wherein iden-
tifying motion dynamics of the portable device that are
independent from motion dynamics of the platform com-
prises processing the ranging sensor data.

28. The method of claim 1, wherein separating motion
sensor data corresponding to motion of the platform and
motion sensor data corresponding to the identified indepen-
dent motion of the portable device from the obtained motion
sensor data comprises processing the motion sensor data
from the portable device.

29. The method of claim 28, wherein processing the
motion sensor data comprises at least one of:

(1) performing a wavelet analysis;

(i1) performing a blind source separation technique;

(iii) performing a Fast Fourier Transform (FFT) analysis;

(iv) performing a Weighted Frequency Fourier Linear

Combiner; and

(v) calculating radius of rotation.

30. The method of claim 28, further comprising obtaining
motion sensor data from at least one auxiliary portable
device, wherein processing the motion sensor data com-
prises comparing motion sensor data from the portable
device with motion sensor data from the auxiliary device.

31. The method of claim 1, further comprising providing
a source of absolute navigational information, wherein sepa-
rating motion sensor data corresponding to motion of the
platform and motion sensor data corresponding to the iden-
tified independent motion of the portable device from the
obtained motion sensor data is based at least in part on the
absolute navigational information.

32. The method of claim 1, further comprising obtaining
image sensor data from the portable device, wherein sepa-
rating motion sensor data corresponding to motion of the
platform and motion sensor data corresponding to the iden-
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tified independent motion of the portable device from the
obtained motion sensor data comprises processing the image
sensor data.

33. The method of claim 32, wherein the image sensor
data comprises a sequence of images and processing the
image sensor data comprises performing an optical flow
analysis.

34. The method of claim 1, further comprising obtaining
ranging sensor data from the portable device, wherein sepa-
rating motion sensor data corresponding to motion of the
platform and motion sensor data corresponding to the iden-
tified independent motion of the portable device from the
obtained motion sensor data comprises processing the rang-
ing sensor data.

35. The method of claim 34, further comprising obtaining
image sensor data from the portable device, wherein the
image sensor data comprises a sequence of images and
wherein processing the image sensor data comprises per-
forming an optical flow analysis, and wherein separating
motion sensor data corresponding to motion of the platform
and motion sensor data corresponding to the identified
independent motion of the portable device from the obtained
motion sensor data is based at least in part on the processed
ranging sensor data and the optical flow analysis.

36. A portable device for characterizing motion of a
platform, wherein the portable device is within the platform
and may be tethered or untethered and wherein mobility of
the portable device may be constrained or unconstrained
within the platform, comprising:

a sensor assembly integrated with the portable device,
including at least one sensor configured to output data
representing motion of the portable device;

a processor configured to obtain the motion sensor data;
and

a motion characterization module implemented with the
processor configured to:

determine whether the platform is moving based at least
in part on processing the obtained motion sensor data;

identify motion dynamics of the portable device that are
independent from motion dynamics of the platform and
the lack thereof when it is determined the platform is
moving;

when independent motion dynamics of the portable
device are identified, separate motion sensor data cor-
responding to motion of the platform and motion sensor
data corresponding to the identified independent
motion of the portable device from the obtained motion
sensor data; and

output motion sensor data corresponding to motion of the
platform that is independent of motion of the portable
device.

37. The portable device of claim 36, wherein the motion
characterization module is configured to determine whether
the platform is moving, and to perform at least one of: (i)
identifying motion dynamics of the portable device that are
independent from motion dynamics of the platform; and (ii)
separating motion sensor data corresponding to motion of
the platform and motion sensor data corresponding to the
identified independent motion of the portable device from
the obtained motion sensor data using the obtained motion
sensor data.

38. The portable device of claim 36, further comprising
providing a source of absolute navigational information,
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wherein the processor is configured to obtain the absolute
navigational information and the motion characterization
module is configured to perform at least one of: (i) deter-
mining whether the platform is moving; (ii) identifying
motion dynamics of the portable device that are independent
from motion dynamics of the platform; and (iii) separating
motion sensor data corresponding to motion of the platform
and motion sensor data corresponding to the identified
independent motion of the portable device from the obtained
motion sensor data using the obtained absolute navigational
information.

39. The portable device of claim 38, wherein the source
of absolute navigational information is at least one of the
following: (i) a global navigation satellite system (GNSS);
(ii) cell-based positioning; (iii) WiFi-based positioning; (iv)
Bluetooth-based positioning; (v) Bluetooth low energy-
based positioning; (vi) other wireless-based positioning; and
(vii) visual light communication-based positioning.

40. The portable device of claim 36, further comprising an
image sensor, wherein the processor is configured to obtain
image sensor data and the motion characterization module is
configured to perform at least one of: (i) determining
whether the platform is moving; (ii) identifying motion
dynamics of the portable device that are independent from
motion dynamics of the platform; and (iii) separating motion
sensor data corresponding to motion of the platform and
motion sensor data corresponding to the identified indepen-
dent motion of the portable device from the obtained motion
sensor data using the obtained image sensor data.

41. The portable device of claim 36, further comprising a
supplemental sensor, wherein the processor is configured to
obtain supplemental sensor data and the motion character-
ization module is configured to perform at least one of: (i)
identifying motion dynamics of the portable device that are
independent from motion dynamics of the platform; and (ii)
separating motion sensor data corresponding to motion of
the platform and motion sensor data corresponding to the
identified independent motion of the portable device from
the obtained motion sensor data using the obtained supple-
mental sensor data.

42. The portable device of claim 40, wherein the supple-
mental sensor is selected from the group consisting of an
ambient light sensor and a proximity sensor.

43. The portable device of claim 36, further comprising a
ranging sensor, wherein the processor is configured to obtain
ranging sensor data and the motion characterization module
is configured to perform at least one of: (i) identifying
motion dynamics of the portable device that are independent
from motion dynamics of the platform; and (ii) separating
motion sensor data corresponding to motion of the platform
and motion sensor data corresponding to the identified
independent motion of the portable device from the obtained
motion sensor data using the obtained ranging sensor data.

44. The portable device of claim 36, wherein the sensor
assembly comprises an inertial sensor.

45. The portable device of claim 44, wherein the sensor
assembly includes an accelerometer and a gyroscope.

46. The device of claim 44, wherein the inertial sensor is
implemented as a Micro Electro Mechanical System
(MEMS).



